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ABSTRACT 
This thesis is concerned with the use of models in chemical education, in particular the 
way chemistry students use models in understanding chemistry. 
The study begins with an outline of the reasons for my interest in the subject of models 
in chemistry. The report describes some of the problems encountered by undergraduate 
chemistry students in dealing with three dimensional structures, and surveys literature 
relating to visualization skills in chemistry. Preliminary broad areas for investigation 
are identified including the relevance of models to students, problems of representing 
3D structures, and students' use of models to solve chemical problems. A pilot study 
to gather information in these areas and to develop a suitable research instrument for 
investigation is described. The pilot study proved useful in highlighting errors in un-
derstanding chemical concepts, assessing practical model use, and considering students' 
perceptions of the relevance of models. 
This is followed by a consideration of the role of models in understanding chemistry 
in relation to the nature of model, chemistry and understanding, and the links and in-
teractions between them. It discusses issues such as the match between the currently 
perceived roles of models in chemical practice and in chemistry teaching and the desir-
ability of bringing these into line. It surveys the literature concerning purpose of model 
use in chemistry and describes the features of chemical structure models used in the 
research. Criteria for selecting appropriate data collection and analysis methods in a 
research study are considered and 80me of the methods adopted in recent chemical edu-
cation research described. The chapter concludes with a description and justification of 
the particular research methods used in the study. 
The report gives details of the interviews carried out with selected scientists to consider 
the notion of 'the good chemist'. It then describes the videorecorded workshop interviews 
with forty five chemistry students relating to their appreciation and use of models in 
chemistry, and the follow up int.erviews with eight of the participants. Data from these 
interviews are analysed in an attempt to answer the research questions posed initially, 
including individual chemists' purposes in using models, patterns in model appreciation, 
perceptions of the good chemist, fiexibility of model use as an indicator of competence as a 
chemist, and the potential of the workshop interview in higher education assessment. The 
research findings are discussed in relation to existing literature, and the study concludes 
with a discussion of the implications for chemistry curricula, chemical educat.ion and for 
future research. 
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Chapter 1 
RATIONALE AND 
BACKGROUND TO THE 
STUDY 
1.1 INTRODUCTION 
My background is that of a teacher in higher education whose main concern is with 
undergraduate chemistry courses. My teaching interests are in the field of organic chem-
istry, particularly stereochemistry. In the recent past I have also been involved with the 
training of graduate students following a one year PGCE course in chemistry which has 
involved both theoretical aspects and teaching practice supervision. 
Several areas for concern have become apparent to me during this time. 
1. The problems students have in representing three dimensional structures in two 
dimensions and interpreting these two dimensional representations. 
2. The apparent unfamiliarity with chemical structure models by undergraduate and 
postgraduate students. 
3. The use made by chemistry teachers and lecturers of models, generally, and chemical 
structure models in particular. 
1.1.1 The Representation of 3D Structures 
In all stages in learning chemistry, an appreciation of 3D relationships is essential. When-
ever structures are drawn to represent molecules, the spatial relationships between the 
atomic centres and the bonding electrons need to be realised before sensible meaning 
such as the physical properties and chemical behaviour can be ascribed. 
1.1.1.1 Three Dimensional Relationships in Chemistry 
At the secondary and tertiary levels the major areas where an understanding of three 
dimensional relationships is essential include: 
Atomic and molecular structures 
• applications of electron pair repulsion in determining shapes of molecules and ions. 
• recognition of the occurrence of isomerism in acyclic and cyclic species, including 
an appreciation of the tetrahedral nature of the bonding in carbon compounds. 
• recognition of symmetry elements, and the assignment of molecules and ions to 
symmetry point groups. 
• applications of molecular orbital theory in explanation of bonding. 
Reaction mechanisms 
The relationship between the reactivity of a molecule and the conformation it adopts; 
for example, an appreciation of SN1, SN2 and E2 mechanisms. 
Crystal structures 
• the visualization of the structures of binary and ternary ionic compounds, and of 
polyions such as silicates . 
• the recognition of structural differences between the allotropes of an element. 
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• the assignment of a unit cell to one of the crystal systems . 
• the use and interpretation of Miller indices. 
Eliot and Hauptman (1981) emphasise the importance of spatial ability in chemistry. 
"As a set of mental operations for solving certain types of problems, spatial 
ability is manifest in the ways we respond to tasks which require the estimation 
or prediction of rotated objects, and to the tasks which require judgements about 
object arrangements when imagined from different perspectives. In chemistry, 
this dimension of spatial ability is important in our understanding of molecular 
structures and their bonding. II 
1.1.1.2 Conventions for Representing Structures 
In chemistry three dimensional systems are represented in a variety of ways. The topics 
outlined above are often explained and discussed in ways ranging from a physical model 
on one hand to abstract mathematical relationships at the other extreme. At all levels, 
two dimensional diagrams may be used to represent the three dimensional structural 
relationships. A number of conventions are adopted in the representation of 3D structures 
and the interpretation of their 2D counterparts. The success a student has in chemistry 
is related partly to his or her perception of the three dimensional relationships and the 
understanding of the conventions of represention. 
The conventions used for representing 3D structures include: 
Perspective drawings where 
• lines are shortened to indicate distance, such as in sa.whorse projections. 
• bold or thickened lines or wedges are used to indicate a bond projecting out of the 
plane of the paper towards the viewer. 
• dotted lines are used to indicate a bond projecting behind the plane of the paper 
away from the viewer. 
Fischer projection (or cross) formulae for chiral molecules where the centre of the 2D 
cross represents the chiral centre, the vertical bars of the cross the bonds projecting 
3 
away from the viewer, and the horizontal bars of the cross those projecting towards the 
viewer. 
Newman projections for representing conformations, where the 3D structure is drawn 
from the viewpoint with the central C-C bond pointing away from the viewer. 
SAWHORSE FISCHER NEWMAN PROJECTION 
Ha 
Br 
0:3 CBs)k H H Br H- Br CH3 .,' r H I CHa H 
CHa Br 
Personal experience with undergraduate students has indicated that many difficulties are 
encountered especially in relation to 
• interpreting Fischer projection formulae 
• drawing the resulting structure after applying a rotation about C-C 
• viewing such a. structure from a different position. 
Experience has also indicated that the use of chemical structure models is important in 
overcoming these difficulties. Informal discussions with students entering B.Sc. chemistry 
courses highlighted varied but minimal experience with chemical structure models at 0-
and A- level. 
1.1.1.3 The Literature 
A preliminary survey of the literature in this area supported my own personal findings. 
Seddon et a1.{1982} carried out a study on the ability of English and Portuguese un· 
dergraduate students to visualize the results of spatial transformations in diagrams of 
molecular structure. They set out to determine the average level of performance of 
two groups of students in visualizing how diagrams of molecules should be drawn af-
ter performing rotations, reflections and inversions on the molecules, tasks frequently 
encountered in any university course on elementary symmetry. Although there were dif-
ferences between the groups on the various tasks, one disturbing conclusion was that the 
level of performance on each of the tests was reported as being unsatisfactory by both 
groups. 
This aspect has been reviewed by Eliot and Hauptman (1981), who report a number 
of studies discussing sex differences in spatial ability tests. They report a poorer per-
formance by females in the rotation of solid figures, which has obvious relevance to the 
manipulation of three dimensional molecular models. 
Baker and Talley (1972), in a comparison ofthe visualization skills of freshmen and senior 
majors found that the skills of the latter group were much greater. Possible explanations 
include the suggestion that chemistry develops visualization skills, or alternatively, that 
those whose visualization skills are poor will not succeed beyond first year chemistry. 
Nicholson and Seddon(1977), investigated the effect of secondary depth cues such as 
overlap, relative size, distortion of angles, line foreshortening, on the understanding by 
Nigerian schoolboys of spatial relationships in pictures. They found that the ability to 
interpret pictures three dimensionally increased with the number of depth cues, hut that 
there was no significant difference between fully cued line drawing and photographs. This 
study was with young children and it has been established that British children are able 
to perceive three dimensionally a.t an ea.rly age. However, Nicholson (1976) reported that 
the acquisition of three dimensional pictorial shape was lacking in a large proportion of 
children. 
Some work has been done by chemical educators in the development of remedial packages 
for improving 3D skills of students; for example, Seddon et a1.(1984). Other remedial 
packages have involved the manipulation of 3D chemical models by students. For exam-
ple, Talley (1973), Seddon and Moore, (1986), Gabel and Sherwood,(1980). Johnstone 
et a1. (1977) recognised the difficulties students encounter with 3D concepts in the con-
ventional lecture, and developed a programmed learning package incorporating tapes 
and models. They appreciated that even with the use of 3D models in the conventional 
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lecture, some of the problems still remain. 
"Even the best of three dimensional models become two dimensional to students 
sitting but a few rows back. " 
( Johnstone,1977) 
This observation has implications for those chemistry teachers using models as a standard 
method of illustrating stereochemical aspects. 
1.1.2 The Use of Chemical Structure Models 
Very little information was available relating to model use by teachers and students in 
secondary and tertiary education. My own impression, and that of chemistry colleagues 
is that for a variety of reasons (to be discussed later) chemical structure models are 
not often used. Literature in chemical education journals is sketchy and concentrates on 
specific topics where models are claimed to have been "successfully" used (see 2.4.5) from 
the teacher's perspective. The pE'rspective of the students is rarely reported. Denicolo 
(1985) is one exception. 
My previous experience with undergraduate and postgraduat.e chemistry students, and 
the information from the literature, enabled me to identify FIVE GENERAL AREAS 
FOR INVESTIGATION: 
1. What students see as important in using models. 
2. What teachers intend when they use models in teaching. 
3. What their students perceive is intended. 
4. Problems in the representation of 3D structures in 2D, and in the interpretation of 
2D structures. 
5. How students use models to solve different types of chemical problems. 
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1.2 PILOT STUDY 
I needed to gather information in these areas in order to formulate significant research 
questions and to develop a suitable research instrument for investigation. The rationale 
for the final choice is discussed in 3.2. However, this choice has been developed partly as 
a result of carrying out the pilot study. The pilot study was carried out during 1984-1985 
and had two components. These were: 
1. the observation and audiorecording of a group of twelve polytechnic first year under-
graduate chemistry students using chemical structure models in an organic chem-
istry test, and 
2. the videorecording of semistructured workshop interviews involving discussion and 
use of models by five B.Sc. final year joint honours, and seven PGCE chemistry 
students. Each of the interviews included one or more of the following aspects: 
• the student's purpose in using models 
• familiarity with model types 
• using model sets to represent selected (by the student) molecules 
• choosing and justifying the best representation of a molecule of ethene from a 
provided selection. 
1.2.1 Signficant Outcomes from the Pilot Study 
1.2.1.1 Highlighting Errors in Understanding Chemical Concepts 
Results from the pilot study indicated that area 5 (how students use models to solve 
different types of chemical problems) was extremely important. A number of funda-
mental errors in chemistry were revealed through the handling of molecular models. In 
selecting molecules to represent, the topics relevant to most students included optical 
isomerism, conformations, benzene, and double bonds in alkene!. The last two topics 
caused problems with some of the students. 
7 
In considering the stereochemistry of alkenes, relevant features are the planar shape, 
the 1200 bond angle and the restriction of rotation about the double bond. With the 
Griffin ball and spoke models used by the students, there are two possible ways of using 
them, both with disadvantages, to make up the molecular representation. One way the 
manufacturers recommend, is to use a black ball with tetrahedrally situated holes to 
represent a carbon atom, and to represent the double bond by two metal springs. This 
results in a planar structure with restricted rotation about C==C , but with an incorrect 
bond angle. An alternative method is to use multiholed black balls to represent carbon 
atoms. These have holes at 1200 to each other which provide the correct planar shape 
and bond angle. However, using a single metal spoke to join them, the restricted rotation 
is not represented. 
One student chose to represent an ethene molecule, and selected the "tetrahedral" black 
balls for carbon and attached two white balls for hydrogen to each. The fourth hole was 
left vacant with the resulting shape not planar, as illustrated in the photograph (figure 
1.1). 
The following extract illustrates the confusion. 
"What about the black ball that's there? How many holes have you filled?" 
"Three. " 
"Yes, what about the fourth?" 
"The fourth one I was leaving it, assuming that this is the double bond. This 
is ethene." 
"Yes, what about the shape around the carbon in the double bond? I see what 
you are doing, you are moving something. " 
"Yes, it is easy to move." 
lIYes, what about the carbon to carbon double bond? Can you generally move 
around them?" 
"Yes. You have to get a stable um conformation." 
(A third year biology-chemistry student) 
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Figure 1 . 1 Model of Ethene Molecule Made by Student 
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The problem to consider here is whether there is a genuine error in understanding the 
concept of restricted rotation about multiple bonds, or whether the incorrect use of the 
molecular models has produced it. In either case this has demonstrated the student's lack 
of understanding of the model system. A similar conflict occurred with another student 
who chose to represent a benzene molecule with the Griffin ball and stick models. The 
manufacturers suggest using "tetrahedral" black balls for carbon atoms, and to show 
the bonding as alternate double and single bonds. This gives the correct planar shape 
but has an incorrect bond angle and implies two types of bond in the molecule. An 
alternative method is to select six multiholed black balls and join them in a ring by six 
springs at 1200 angles to each other representing equal type bonds. The student selected 
the "tetrahedral" black balls and joined six of them by single spokes. In this way the 
resulting shape is puckered, not planar, and the bond angle is incorrect. The student 
recognised that something was wrong as shown by the following extract. 
"How do you think that represents the structure of benzene?" 
"Well, it is not pointing right, but ...... " 
"In what way is that like benzene, what features of benzene have you got there?" 
"Well, it is not planar. That's nothing like it really, is it?" 
"No, what is the shape of the benzene molecule?" 
"Well, it is the chair and the boat rings." 
(A third year biology-chemistry student) 
This last answer refers to the shape of the model made by the student and not that of 
the benzene molecule. 
The previous student had similar difficulties with this problem and saw the conflict 
between the 'expected' shape and that produced by the model. 
"I think one has to be careful to make sure the right holes are directing outwards 
and at the right level. You have to make a model beforehand. " 
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Here, she seems to be referring to models in a different way. In order successfully to 
produce a physical model to represent something abstract, you need "to make a model 
beforehand" - a drawing on paper. This suggested that perception of the nature of a 
model is very much a personal thing. 
These possible problems and errors have been highlighted by students when they used 
models to represent molecules of their own choice. In a test situation, some students 
experienced difficulties even with the aid of models. A first year student made a model 
to represent chloromethane using a ball and spoke type model set. She picked up the 
model, rotated it by 1200 and put it down again. 
"1 am trying to work out if it is the same as that structure." 
(A first year chemistry student) 
Interim conclusions and possible actions. In planning these semistructured workshop in-
terviews the chemical content was kept to a relatively basic level in order that it should 
not be a major factor in determining a student's model use. Nevertheless some errors 
in understanding fundamental chemical concepts were revealed in an informal way. This 
suggests that the semistructured workshop interview could be a powerful tool in chemical 
assessment and diagnosis. 
1.2.1.2 Performance in the Workshop Interviews 
There was a considerable variation in the approaches to models adopted by the twelve 
students taking part in the workshop interviews. These could be considered under two 
broad headings: 
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• willingness to experiment, and 
• flexibility of appreciation of model use. 
Each of the students was assessed (by me) in these categories, and at the same time 
by colleagues as to how they rated as "good chemists". There was some matching of 
opinions with my assessment of the student's approach to the workshop interviews. i.e. 
those students who appreciated a wide variety of purposes in using models and who 
were interested in experimenting with model types new to them were assessed as good 
chemists by colleagues. 
Interim conclusions and possible actions. Flexibility in model use may be an indicator 
of competence as chemist. Ability to switch modelling systems may be a criterion for 
being considered a good chemist; or a good chemist may be a person who has the ability 
to switch modelling systems. There is scope for further research in this area. 
1.2.1.3 Students Perceptions of the Relevance of Models 
Results from the pilot study indicated that different students appreciated and used mod-
els to different extents and for a variety of purposes. Many students found chemical 
structure models useful in understanding difficult three dimensional problems. 
"l think it helps with visual concepts. You can explain endless things to people 
but unless they can actually form a mental picture of it then you cannot really 
relate to it, and I think one of the best ways of forming a mental picture is by 
them using the models. II 
(A third year chemistry-physics student) 
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The criteria for selecting appropriate models was also a personal one. 
"I want something I can throw together very quickly ...... my object is not to 
spend time playing with models. The model is there to illustrate point. The 
model is really secondary to the point in question. " 
(A second year chemistry student) 
The relationship of the model to reality was not considered by many students. However, 
from one prospective teacher: 
"[ The purpose of using models is j to get across the idea of a hypothesis, a 
theory to make things a lot more visual for kids to see. I suppose that's the 
chemistry teacher's point of view." 
(A PGCE chemistry student) 
To many students, the chemical structure model in front of them appeared to ~ reality. 
There was little distinction between the model and the molecule it represented. 
"To you, is there anything in that model that's wrong?" 
"No, not really. I think it is a pretty good picture of what it must be like." 
(A first year chemistry student) 
That students hold such views, and are confused by the nature of model and modelling, 
may be attributed to the ways in which models are used by chemistry teachers. In 
the following extract, a prospective chemistry teacher has made a ball and spoke model 
representing an ethene molecule, and explains how she would use it. 
"I can pass this round to a class and say 'look, this is ethene, play with it, 
take it apart, put it back together again, do what you want to ............ ' II 
(A PGCE chemistry student) 
(my emphasis) 
The distinction between the model and the molecule it represents was noted by one 
second year undergraduate. 
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"Whatever [ model] you use, it is going to be a gross approximation to ...... 
well you really can't say anything about reality. I mean, you're talking about 
something you can't see, so any model that fits the facts is a good model. " 
(A second year chemistry student) 
He then went on to consider choice of models to suit changes in chemical interests and 
problems. 
"I mean it depends largely on what you're interested in at anyone time. So, 
I'd say, if I had a choice there are probably about three different models here 
that I would use if I had them available depending on what it was I was trying 
to see." 
Some students considered that the use they make of models and their selection of an 
appropriate model for a purpose changes with the nature of the task and also with their 
level of chemical maturity. 
"What about the way you yourself see etheneP" 
"[ think this [Griffin ball and spoke] is probably the best. A mixture of these 
two [ Griffin and PEEL]. By my stage I've done so much about ethene in one 
way or another, that I can understand all these models. But I would say, one 
of these two would be ...... again it depends how you're looking at it. [think I'd 
probably plump for this one [ PEEL] actually. But to start off with definitely 
that one [Griffin}. It meant more to me. " 
(A PGCE chemistry student) 
Interim c()nc_!u~ions ~dl>0ssible a.ctions. Each chemist's appreciation of a model ap-
peared to be a personal one. The pilot study suggested that this perception is a changing 
one and may be influenced part1y by the socially constructed consensus view. There is 
scope for further research in this area. 
1.2.2 Summary of Pilot Study Findings in Relation to Research Areas 
As a result of carrying out the pilot study, several aspects of modelling relevant to the 
research areas were apparent. 
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Variability in experience with model types. There was considerable variability in experi-
ence with the different model types. The majority of students had little or no previous 
experience of handling chemical structure models. 
Variability in perceptions of models and model use. Students' perceptions of models and 
model use ranged from the physical model as reality to the more abstract appreciations 
of the nature of modelling. 
The personal and changing nature of models. Some students perceived models in a per-
sonal way, not entirely coinciding with the scientific viewpoint. Their view of models 
may change with time and with chemical maturity. 
The importance and usefulness of the semistructured workshop interview technique in 
assessment. The pilot study has indicated the importance and usefulness of the semistruc-
tured workshop-interview technique in assessment at the tertiary level, particularly in 
highlighting errors in understanding chemical concepts. 
The possibleJ~~ti_o!,:s~ip _b~~~_eell_Jl~~c_~p~iolls of models and competence as a chemist. 
There is scope for research into the connection between flexibility in model appreciation 
and use, as highlighted by the workshop interview, and competence as a chemist. 
1.3 RESEARCH QUESTIONS 
As a result of the data obtained in the pilot study, research questions appropriate to the 
main study were chosen. These include the following: 
1. What purposes do individual chemistry students (undergraduates, postgraduates, 
student teachers) have in using models? 
2. What patterns in model use and appreciation are found within and between different 
groups of chemistry students? 
3. Does the purpose in using models vary with level or year of course? 
4. How flexible is a chemistry student's use and appreciation of models in terms of 
purpose and actual model used? 
5. Is appreciation of the nature of model a personal and/or a changing one? 
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6. Is there consistency in perception of "good chemist"? 
7. Is flexibility in model use an indicator of competence as a chemist? 
8. Is the workshop interview a potentially useful tool in assessment? 
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Chapter 2 
THE ROLE OF MODELS IN 
CHEMISTRY 
2.1 INTRODUCTION 
An appreciation of the role of models in understanding chemistry depends on a consid-
eration of the nature of 
• model 
• chemistry 
• understanding, 
and on the links and interactions between them. Issues should be addressed such as 
• the match between currently perceived roles of models in chemical practice and in 
chemistry teaching 
• the desirability of bringing these into liue 
• the action required to do so. 
Au integral part of each of these three aspects is that of change and development. 
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2.1.1 Linking of Issues: An Overview 
An appreciation of the current perceptions of the nature of chemistry is linked to the 
relationship to science as a whole. It is relevant to consider the question of scientific 
methods and purposes of scientific research as a framework for the more specific aspects 
of chemistry. 
C.hemistry is not a static activity. What chemistry ~, changes and develops with time. 
Methods, approaches and research interests are very different now from those of fifty 
years ago. 
It is not possible to consider the nature of chemistry independently from that of the 
nature of chemist, and both of these should be seen in the context of the current period 
of time. Under the general title" chemist" can be found a variety of occupations. What, 
if anything, do they have in conunon ? 
The notion of" the good chemist" introduces such problems as the attributes, skills or 
qualities held by chemists in various spheres and the problems of methods of assessment. 
Who does the assessing, for what purpose, and by what method is it done? The 
particular method of assessment should be developed to reflect the understa.nding of 
the concepts considered important. 
Underlying the nature of science and its development is that of the development of 
models. Modelling is a fundamental and integral part of science and the way science and 
scientists operate. Developing science and developing models are interrelated. 
This thesis looks in particular at the possible links and relationships? ? ? in figure 2.1 
and the changing relationships between 
• models in chemistry and in chemistry teaching and 
• the good chemist and his or her use of modelling. 
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2.2 THE NATURE OF SCIENCE 
[ " the use of experiment] is of all others the most radical and fundamental 
towards natural philosophy; such natural philosophy ....... shall be operative to 
the endowment and benefit of man's life." 
(Francis Bacon, 1605, p72) 
In the early seventeenth century Francis Bacon attempted to describe the method of 
modern science. The improvement of man's life was to be achieved by experimentation, 
by collecting facts through organised observation and deriving theories from them. This 
is one description of inductionism. 
Two completely different conceptions of science, valuations of scientific life, and purposes 
of scientific enquiry have been contrasted, (Medawar, 1969, p130). The view of science as 
an imaginative and explora.tory activity with intuition fundamental to every advancement 
of learning is contrasted with that of science as a critical and analytical activity, the 
scientist a ma.n requiring evidence before giving an opinion. 
Views on the nature of scientific knowledge and how it is built up are varied and have 
been hotly debated. One such perception is that of inductionism whereby laws and 
theories are constructed from the facts established by observation and experiment. The 
inductionist view centres around the absolute objectivity of science. 
The need for modification of this view results partly from experiments in perception 
where the subjectivity of the observer is seen to be important. The visual experience that 
an observer has when viewing an object depends partly on past experience, knowledge 
and expectations. 
The falsificationist perspective on the nature of science concedes that observation is 
guided by theory. Once proposed, theories are rigorously tested by observation and 
experience and are rejected if they fail to stand up to experimental facts. Under this 
philosophy, science progresses by trial and error, by conjectures and refutations. A theory 
cannot be said to be true but is seen as the best available at the time. 
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The two previous positions can be criticised (Lakatos, 1978,p4;Kuhn,1962,p62) as be-
ing too piecemeal and failing to take account of the complexity of scientific theories. 
Chalmers (1978) acknowledges this complexity when he illustrates the typical history of 
a concept. 
" I suggest that the typical history of a concept whether it be 'chemical element', 
'atom', 'the ,unconscious' or whatever, involves the initial emergence of the 
) 
concept as a vague idea, followed by its gradual clarification as the theory in 
which it plays a part takes a more precise and coherent form ." 
(Chalmers,1978, p75) 
2.2.1 The Changing Nature of Chemistry 
What is chemistry? 
" Chemistry can be defined as the study of matter, its structure, composition 
and transformations." 
(Coxon, 1980, p1) 
" The study of the composition of substances, and of their effects upon one 
another. The main branches are inorganic chemistry, organic chemistry and 
physical chemistry. See also biochemistry. " 
(Uvarov and Isaacs, 1986, p70) 
These seemingly straightforward explanations of the nature of chemistry are of little help 
in enlightening the outsider. The chemist himself however has no need of such definitions. 
" The question 'what is chemistry?' is not one that we, as chemists, are 
inclined to give much attention to. We all tend to assume that we know what 
chemistry is, and when one of us uses the word 'chemistry', he has in his mind 
what we have in our minds. " 
(Nelson,1983) 
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Nelson then goes on to elaborate his own position that chemistry embraces the two 
distinct activities of 
• the quest for an understanding of matter and its behaviour, and 
• the utilisation of matter for human ends. 
He sees only a loose connection between these two which he labels pure chemistry and 
applied chemistry. 
These somewhat static views of chemistry may be contrasted with other writers who view 
chemistry and its relationship with the other sciences as fluctuating, fuzzy, changing and 
developing with time. 
Spice (1975) considers the question of chemistry in relationship to physics, to be an 
artificial exercise, and 'chemistry', 'physics' and 'biology' to be convenient labels for 
particular areas of science, whose arbitrary boundaries change considerably from time 
to time. Fuller(1964) looks at the changes in natural science over the past hundred 
years in terms of specialization. He sees the man made boundaries between the sciences 
disappearing at an accelerated pace, and links this with the interdisciplinary approaches 
to the discovery of new knowledge to its transmission in modern research and science 
teaching. 
This viewpoint can be substantiated by considering the changing boundaries with time in 
scientific research, in university undergraduate degree courses, and in research techniques 
and equipment. Academic research areas could include the following broad topics and 
each could involve researchers from more than one discipline. For example, 
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• biochemistry 
• microbiology 
• cell biology 
• theoret ical chemistry 
• quantum chemistry 
• thermodynamics 
• solid state science 
• pharmaceutical producti on 
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While some fifty years ago the di sciplines remained to a large ext nl. 5 pa rate, m sl. 
boundaries are now blurred . Although only a few of the more important links are sh wn 
here, overlap now occ urs between all the separate disciplines in figure 2.2. 
Allied to overlapping research areas are research techniques c romon t sev ra l disci -
plines. Computing is an ssential feal.ure of mnst. sci ntific res arch . ' hromatograp hi c 
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techniques are used not only by chemists but by biologists, biochemists and pharma-
cologists. Spectroscopic techniques are of interest to physicists, chemists and biologists, 
although the focus and applications may differ. For example, the contrasting uses of 
NMR spectroscopy in chemistry and in medicine. 
University courses reflect the changes in research interests. The broadening of course 
programmes is not restricted to science alone but involves interfaculty studies. The 
importance of management studies to the sciences is emphasised in the Royal Holloway 
and Bedford New College 1986 Prospectus. 
" On taking up their first appointment, many science graduates find that they 
are involved, at some level, in a management system. They may have to plan 
projects in which they U8e 8peciali8ed staff and equipment, and where they are 
called upon to communicate their ideas to non-scientists, either orally or in 
writing. These activities call for an approach which is often very different from 
that used by the scientists in dealing with well defined systems " 
(1986, p8D) 
The question of the nature of chemistry has so far been concerned with the subject matter 
and its changes. Swinfen(1975) opens up the discussion in a somewhat lighthearted way. 
" The place of chemistry? Formal definitions of 'chemistry' abound. As far 
as this chapter is concerned to 'the study of the interactions between energy 
and matter' (etcetera) we should add 'chemi8try is what chemi8ts do and think 
about' and also 'chemistry is the language of chemists.' These additions de-
serve more than a raised eyebrow or an amused smile. In particular, if we 
think of chemistry as a language , as a way of thinking and communicating 
certain ideas, then it is an essential part of general education. " 
(1975, p89) 
This leads to the involvement with the issue 'nature of chemist' and the realisation that 
the two are inseparable. 
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2.2.2 Nature of Chemist 
What does a chemist do? Activities, responsibilities and job descriptions of chemists 
are diverse. However some broad areas can be recognised as a means of classification. 
For example, by the place in which chemistry is carried out. This may be an academic 
institution such as a college, university, polytechnic or school, or it may be a non academic 
institution such as a privately owned chemical company or a government funded research 
establishment. 
ACADEMIC INSTITUTION NON-ACADEMIC INSTITUTION 
SECONDARY EDUC. TERTIARY EDUC. GOVERNMENT PRIVATE CO. 
Alternatively, a chemist may be classified according to his or her occupation, such as 
• Management 
• Teaching 
• Research 
• Technical work 
Table 2.1 summarises the principal activities of chemists grouped according to the place 
of employment and type of occupation. 
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Secondary Tertiary Industry / 
education education government 
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Management 
~ ~ -, 
Teaching ;' / \ 
'v I 
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Research ; J I • I 
, , 
Technical 
Table 2.1 Principal Activities of Chemists 
An entry in the grid ( J ) indicates the principal activities of chemists. For example, 
chemists involved in management activities are employed by the government or by private 
industry. They are unlikely to be employed by a local education authority to work in a 
secondary school. Research and technical activities form a continuum with no distinct 
boundaries. In the main, a chemist fits into one group. For example, a technician working 
in a secondary school, a research chemist working for a chemical company. In tertiary 
education, however, it is common for a chemist to combine two functions, teaching and 
research. The boundaries between academic and industrial activities are now less rigid 
than in the past. There is a greater emphasis on the more applied side ofresearch and a 
greater cooperation between universities, polytechnics and chemical industries in funding 
and developing research projects. 
2.2.3 Attributes of Good Chemist 
Without considering the detail of assessment of " good", it is relevant to outline at-
tributes held by chemists in order to practise chemistry successfully. Thompson (1977) 
considered attributes, other than strictly academic ones, which make a chemist, under 
two headings: 
26 
1. abilities (attributes that are most relevant to achieving an outstanding professional 
career in a given area) and 
2. qualities (the attributes necessary for leadership). 
While this concerns success at the top of a profession, the participants in Thompson's 
study were asked initially to make a list of assumptions, attributes that they considered 
a chemist of grad RIC standing would have. 
II The assumptions used were that a chemist of at least grad RIC standing 
has better than average intelligence, better than average memory, an ability 
to concentrate, an interest in chemistry, natural curiosity, good health, very 
numerate and a good learner. " 
(Thompson,1977) 
This assumes abilities both cognitive and personal. Nelson (1983) recognises the impor-
tance of the practical side of chemistry and considers the dual nature of intellectual and 
practical activities. 
IIMost chemical operations require considerable practical skills, and no amount 
of intellectual understanding can act as a substitute for this, invaluable though 
it may be .. " 
The Professional symposium (Annual Chemical Congress,Chapman, 1985) discussed the 
question of whether the U.K. educational system was producing chemists who satisfied 
the needs of employers. Speakers from education, industry and the civil service were 
invited to discuss employment for chemists. The speakers seemed not to differentiate 
skills and qualities for specific areas of chemistry or types of occupation, but to consider 
the" chemist" in general. By levelling criticism at the educational system, it was clear 
which skills and abilities were considered important. 
These criticisms included : 
1. Lack of attention to general skills such as 
- problem solving and 
- decision making. 
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2. Lack of attention to management and dealing with people. 
3. Lack of attention to basic core skills such as literacy and numeracy. 
4. High theoretical content in chemistry curricula to the detriment of other skills. 
5. Inflexibility of graduate chemists who were unable to cope with a range of jobs. 
The well trained chemist envisaged by Hills (Annual Chemical Congress, Chapman,1985) 
needs to have practical, intellectual and human skills of a high order. The aspect of 
flexibility and preparation for change was recognised by Coleman (Annual Chemical 
Congress, Chapman,1985) who spoke of the need to develop (( technological generalists N 
with sufficient interdisciplinary awaress and flexibility to respond to changes in science 
and technology of the present and the future. 
Thompson summarises the requirements of employers of chemistry graduates. 
" The ideal employable chemist should have wide ranging abilities and be able 
to deal with a range of problems and issues that go beyond the confines of 
chemistry ." 
(Thompson,1977) 
Although not specifically addressing the problem of what makes a good chemist, a work-
ing party on industrial/CNAA chemistry board relations (CNAA,1986) considered ap-
plied chemistry course content and how these met the needs of industry. They considered 
that graduates entering chemically based and research orientated industries needed to 
possess certain abilities or skills. These included having a fundamental knowledge and 
being capable of applying such knowledge in a variety of new situations. Problem solving 
was seen as very important and this required the potential for lateral thought. Changes 
or reduction of course content might be required to achieve these aspects in chemistry 
courses but should not be at the expense of practical skills. In addition, the value of 
communications skills was recognised and thought to be a cause for concern. 
A similar study was carried out at the University of Waikato (Kirk,1987) to investigate 
the needs and expectations of industrial employers and to identify the professional skills 
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and attributes sought by employers in new chemistry graduates. The project findings 
indicated a perceived considerable mismatch between those professional qualities desired 
in graduates by industrial employers and those currently found. They reported that 
from both the employer's and the graduate's viewpoints, the ability to achieve results 
was seen to be the most important attribute a newly graduated chemist could bring 
to the workplace. A diverse range of qualities were needed to achieve this including 
those relating to specific knowledge and skills (eg. devising a synthetic method, using an 
instrument, reading the literature), those more generalised (eg. problem solving, ability 
to learn, communicating, planning, working in a team), and those relating to attitudes 
(ego confidence, commitment, enthusiasm). The extent to which these qualities should be 
developed within the education system and within the workplace was raised as an area 
needing discussion. As a result of this research, recommendations were made for the 
revision of the B.Sc. chemistry degree at the University of Waikato. These included the 
introduction of a third year/industrial paper designed around the concept of problem 
solving activities. The aim of the paper being to encourage and develop such skills 
as report writing, identifying and solving 'real' problems, working in a group, using 
information sources and designing experiments. The research report recommended that 
the teaching methods used be critically examined to identify whether they provided the 
most appropriate opportunities for development of desired professional qualities. 
There is considerable overlap of these attributes relating to the graduate chemist with 
those thought desirable in scientists occupying managerial positions in industry (Jones,1983). 
Apart from the importance of such attributes on the personal level as the ability to com-
municate, the ability to get on with people, the ability to delegate authority, the desire 
to accept responsibility, and professional integrity, other important attributes fall into 
two groups: 
1. A creative, inventive ability; an enquiring mind open to new ideas; an analytical 
logical approach; a sound fundamental knowledge of the subject; an ability for hard 
work. 
2. An ability to inspire others and command respect, an understanding of human rela-
tions, sensitivity to other people's feelings, especially with respect to subordinates. 
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Roe's study (1952) of eminent American research scientists reported curiosity about a 
variety of things as being characteristic of a first class scientist. Jones' findings on ability 
for hard work in successful managers is reflected in Roe's findings. Many of her scientists, 
through choice, worked very long hours and did not take vacations. 
As with perceptions of the nature of chemistry, criteria for judging the attributes of 
a good chemist are not static, and vary with time. The importance of strengths and 
interests in the preparative side of chemistry is small in comparison with former times. 
For a chemist to be effective the physical side is needed as well (Spice,1975). 
The preceding sections have considered a variety of views of the skills and attributes of 
the good chemist. I have chosen to simplify these and make the very broad classifications 
of attributes as shown in figure 2.3. 
SKILLS/ ATTRIBUTES 
PRACTICAL/MANIPULATIVE :: CONCEPTUAL :: PERSONAL/CHARACTER 
Figure 2.3 
Practical or manipulative abilities refer to such skills as the manual dexterity necessary 
for successfully operating in an experimental chemical laboratory. Conceptual skills are 
concerned with using and applying abstract ideas to solve complex problems. Personal or 
character skills refer to those involved in relationships with other people. These aspects 
are discussed more fully in 4.2 where empirical interview data relating to the qualities 
relevant to success in specific areas of chemistry are included. 
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2.3 ASSESSMENT AND UNDERSTANDING 
In everyday life we are continually making assessments of other people, quite often un-
intentionally. These everyday assessments come mostly through observation of and re-
flection on events and episodes that arise in the course of living, working, and playing 
together (Rowntree, 1977,p 117). 
This look at everyday assessment points to the role of observation which has a changing 
and much more prominent role in education than formerly. 
One contrast between everyday and educational assessment is that of intention. 
" Afore basically, assessment in education can be thought of as occurring when-
ever one person in some kind of interaction, direct or indirect, with another, is 
con8ciofLS of obtaining and interpreting information about the knowledge and 
understanding or abilities and attitudes of that other person. " 
(Rowntree, 1977 ,p4) 
The nature of the understanding to be assessed should be reflected in the assessment 
method considered most suitable. 
The words 'understand' and 'understanding' are used frequently, often without explana-
tion. Definitions such as 
- perceive the meaning of (words, person, language etc.) 
- know each other's views or feelings, 
- grasp mentally, 
- believe or assume from knowledge or inference, 
- infer, especially from information received. 
(Concise Oxford Dictionary, 1982, p1169; Sykes,J .B. ed) 
do little to help those who do not" understand ." 
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Bigge (1964, p332) considers two aspects important to understanding: the ability to 
use solitary facts in relation to a general principle, and the ability to see how an object, 
process, idea or fact can be used to fulfil some purpose or goal. He sees these as comple-
mentary processes and suggests that understanding occurs when we come to see how to 
use productively, in ways we care about, a pattern of general ideas and supporting facts. 
With a changing emphasis away from knowledge acquisition towards comprehension and 
understanding, the methods of assessment change to reflect this. 
The question of how to assess should be related to the purpose of assessment. Whether 
this occurs in an academic or employment environment, the major purposes of assessment 
include: 
• measurement of achievement 
• prediction 
• selection 
• diagnosis 
• maintaining standards 
• motivating people. 
The value of the traditional norm referenced written examinations has been questioned 
as the major most suitable assessment method in education. Increasingly, employers and 
educators wish to know whether a prospective employee or student is able to demon-
strate mastery of particular skills (practical and cognitive), and a profiling or criterion-
referencing method may be more suitable. 
In education, considerable changes have been introduced in assessment in recent years. 
One of the features of the G.C.S.E. examination is the importance given to coursework, 
which has a minimum weighting of 20%. In science this has initially been equated with 
assessment of practical and experimental skills. The burden of change put onto teachers 
has been recognised (Hodgson 1986). This means that teachers will have to develop new 
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skills and techniques of assessment at the same time as implementing other changes in 
their teaching. 
One of the purposes of coursework assessment is to assess aspects which may not be 
easily or adequately tested by final papers. Such things include 
• making and recording accurate observations 
• research skills 
• interactive skills 
• motor skills 
• investigational, planning and design activities 
• skills of adaptation and improvisation. 
The teacher is required to confirm an individual's competence in performing a certain 
skill and may do this through individual observation or discussion within a class practical 
or on the basis of written evidence. Oral questioning may be used to probe a student's 
understanding of the work in hand. With respect to oral examinations, the D.E.S. (1985) 
comments: 
"There might be a place for oral questioning in, for example, the internal 
assessment of coursework. Nevertheless, the difficulties of moderation in such 
circumstances should be recognised. " 
(D.E.S., 1985, p7) 
Despite the caution of the last statement, the value of oral examinations has been recog-
nised by Mathews,{1984, p256) who reports research into examining CSE chemistry. 
The major areas where oral examining is to be found is at the tertiary level. There is 
considerable scope for development even at this level, and especially at the secondary 
level. 
The need to be aware of assessing objectives other than the cognitive at the tertiary 
level has been recognised (Billing, 1973). He advocates the importance of the affective 
33 
and psychomotor domains to the teaching of science at the tertiary level and considers 
such abilities as that of working scientifically, involving attributes as well as the learn-
ing and manipulation of concepts and facts. Nevertheless he recognises the difficulties 
of translating such objectives into assessment methods. The area concerned with the 
development of muscular skills, manipulation and coordination of movements is partic-
ularly important in chemistry. Since chemistry is a practical science, it is necessary to 
attain many such skills as weighing, pipetting, glassblowing, filling a melting point tube 
or centering a signal on a cathode ray tube. 
2.3.1 Criteria for Assessing' the Good Chemist' 
The previous section considered various assessment procedures. This still leaves the 
question " What is meant by the good chemist ? " It is possible to define " good " in 
a number of ways? For example, " efficient", " successful" or " suitable for a specific 
purpose ". 
The criteria for selecting scientific projects with a view to research funding may have 
something in conunon with the methods of assessment discussed in 2.3. 
Weinberg (1963) identifies two internal criteria for scientific choice: 
1. Is the field ready for exploitation? and 
2. Are the scientists in the field really competent? 
He considers that these two questions are answerable only by experts who know the 
field intimately and the people personally. Although these criteria are the ones most 
often applied when a panel decides on a research grant, the primary question in deciding 
whether to provide government support for a scientist is usually : cc how good is he ? " 
This focusses on the importance of judgement of a scientist by his peers. What are the 
criteria by which scientists are judged? Medawar (1969) relates two such criteria to two 
contrasting views on the nature of science (outlined in 2.2), the creative and the critical 
components of scientific thinking. Though imaginative thought and criticism are equally 
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necessary to a scientist they are very often unequally developed in anyone man. The 
scientist who devotes his time to showing up the inadequacies of the work of others is 
suspected of lacking ideas of his own, and everyone soon loses patience with the man 
who bubbles over with ideas which he loses interest in and fails to follow up. 
2.4 THE NATURE OF MODEL 
In everyday language the word model can have a variety of meanings. The Oxford 
Dictionary (Sykes,1982) lists six: 
- " Representation in three dimensions of proposed structures; 
- Figure in clay,etc, to be reproduced in other materials; 
- Design, style of structure ; 
- Person, thing proposed for imitation ; 
- Person who poses for artists ; 
- Woman in draper's shop wearing clothes etc;to show their effect to cus-
tomers" 
(1982,p650) 
The uses of models in science are just as varied, and meaning by no means universally 
agreed. There are many ways of classifying models in science. The choice is usually a per-
sonal one and is determined by the specific use or purpose for the model to the scientist. 
For example, Bunge (1973,p91) suggests that two notions of model occur in the natural 
and social sciences. These concepts are those of model object or schema, and theoretical 
model or specific theory. Model objects and theoretical models are hypothetical sketches 
of supposedly real, though possibly fictitious things or facts. 
A different classification, widely used in science, is that into scale, analogue, mathe-
matical, theoretical and archetypal (Black, 1962). All of these involve some aspects of 
abstraction, leading into the idea that a model is , by definition an abstraction (Suck-
ling,1978,p29). Modelling consists of constructing alternative, usually simpler forms of 
objects or concepts, in the expectation that the study of the model wi1lshed light on the 
nature of these objects or concepts. 
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2.4.1 Purposes of Models in Chemistry 
/I Scientific thinking almost always involves models or pictures that exist in the 
human mind to help us think about the way nature behaves. " 
(Harrunond,1971,p3) 
Hammond then goes on to discuss how a scientist uses models to learn about nature, just 
as a child learns by playing with toys. The model whether it is a real or imaginery device 
acts like the more complicated natural object it represents. A good model is useful 
because it is simpler than the natural object it represents. However, because models 
are oversimplified, they can never tell the scientist all he may want to know about the 
physical system. 
Models are particularly useful in science to interpret or explain observed phenomena 
(Dillard,1978,p6). In chemistry they may range from physical representations of struc-
tures such as ball and stick models, to diagrams, graphs and mathematical equations. 
Although the models themselves may have no physical reality they do facilitate the in-
terpretation of real experiments and can aid in predicting new phenomena. The fact 
that two or more models may be proposed to explain the same phenomenon is not a 
contradiction. It can be of benefit in understanding the phenomenon as each model, 
being an inexact view of matter, is able to explain some aspect the other cannot. 
The construction of models may have a value in complex situations which are often 
difficult to grasp, describe and discuss (Suckling,1978,p22) . Here the model serves as a 
description of the situation and also provides a framework for discussion. 
Apart from purposes related to conceptual understanding and explanation, models may 
be used in science on occasions when it is too complicated, expensive, dangerous or 
inconvenient to work with the prototype. An additional advantage may be that models 
serve to produce variety in generating ideas in scientific research (Suckling,1978,p25). 
When looking at uses of specific types of models in chemistry we see Black's scale models 
exemplified by working models of industrial plants. Perhaps even more widely used in 
chemistry are the analogue models. Bent(1984) distinguishes these from scale models 
such as model aeroplanes. Chemistry's tangible models are large metaphors of small 
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invisible quantum mechanical things. 
The nature of model in chemistry is bound up with that of concept, also diverse in 
its meaning and applications. One explanation of the word concept is that it is an 
abstract idea generalised from particular instances, and in the chemical situation as 
broad generalisations which encompass some aspect of the physical word, such as the 
concept of the atomic nature of matter. Models can be considered as tools or aids to 
handling the logic of concepts in clearly defined instances (Levine,1974). 
Chemical structure models fall within the class of analogue models. The difference be-
tween Black's first two types of model is illustrated by Theobald (1968), who compares a 
model motor car with a model of a molecule. The former, if good, is a precise and exact 
scale representation of the original, which gives no more information than was already 
known. A model of a molecule is not an exact replica of a molecule. It indicates what 
molecules are like and suggests further experimentation to get a better likeness. Models 
are used to answer such questions as " What are molecules like 1 " or" How may 
the structures of molecules be visualised 1" Theobald considers a model to be essential 
in science, and that any model used has to reconcile the demands of the imagination 
with the criticisms of the laboratory. He sees models as the bridges between imagination 
and experiment that make chemistry possible. A model may also be considered as an 
imaginative picture (Platts,1968; Wenham,1972). 
All this goes to show that definitions, classifications, uses, purposes of models and mod-
elling are diverse, and personal to the particular scientist. 
To Kac (1969) the main role of models is not so much to explain and predict (although 
he recognises these as the main functions of science) but to polarise thinking and pose 
sharp questions - only one of the ma~:v fun('.tions of models considered by Suckling. Many 
writers would disagree with the view that the main role of models is " not so much to 
explain and predict ." 
" Models in science tend to be restricted to ' invented ideas' which attempt to 
ea:plain why aspects of the physical natural and man-made world would behave 
Qs they do ." 
(Osborne and Gilbert, 1980a) 
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2.4.2 Chemical Structure Models 
2.4.2.1 Model Types and Features 
Chemical structure models are a subset of models used in chemistry. Figure 2.4 shows one 
simplified classificaHon of structure models. With the exception of the inversion model 
(1) which has moving parts for illustrating the progress of a reaction, the majority of the 
models are of the static type. One major division of these static models is into the open 
or the space filling varieties or into those where orbitals are represented. 
STA rIC DYNjWIC 
eg inversiol 
(I) 
SP" ~E OX: EN ORB1TALS 
FIL iUING (1) (8) 
MOLECULAR IONIC BALL & SKELETAL 
spheres SPOKE 
(4) (7) in (3) (2) (5) 
contact 
(10) (7) (6) (9) (B) (8) 
Figure 2.4 Classification of Chemical Structure Models 
38 
The model sets used in the research workshop-interviews are listed below together with 
their reference numbers shown in figure 2.4. 
l. P.E.E.L. (probability envelopes of electron location). 
2. Darling flexible 
3. Griffin ball and stick 
4. MRK space filling 
5. Fieser research 
6. Minit 
7. Allyn and Bacon ( molymod ) 
8. H.G.S. Japan 
9. Framework molecular models 
10. Catalin space filling 
1. Dynamic inversion model 
B. Polystyrene spheres 
In the following sections, an overview of the features of model types used in the workshops 
is given. Only a brief outline of the features is included here, and manufacturers' accom-
panying literature is recommended for specific details, measurements and suggested uses 
of particular model sets. 
2.4.2.2 Space Filling-Molecular 
Catalin models (10) (figure 2.5) or similar style cheaper counterparts(4) (figure 2.6) come 
within this major grouping. 
Coloured spheres are selected for each atom model. The radius is proportional to the 
Van der Waals' radius of the isolated atom, and this sphere then defines the volume 
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Figure 2 .5 Catalin Space Filling Mo del 
Figure 2 .6 M. R.K. Space Filling Model 
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occupied by the atom and indicates the limit of tolerance to the approach f any ther 
atom or molecule with which it does not form a primary bond. When a bond is form d, 
the attraction between the two atoms results in a reduction of the dist allce betw en 
them. The interatomic distance is the sum of the covalent radii . S gmeuts are removed 
from the spheres used to model molecular compounds. These are perpendicular to the 
bonding direction and pegs are used to join the units. (Wo.Ut''', I Q1>', p:l-3). 
For example, the aliphatic carbon atom model has four segments removed so that the 
bonding directions are arranged and this is used for singly bonded compowlds. A different 
symmetry is required to represent multiple bonding (trigonal or linear) and the distance 
between linked atom models is less. 
Manufacturers adopt a variety of devices to accommodate such things as free or hindered 
rotation and formation of heterocyclic compounds. 
A model of the covalent molecule of hydrogen chloride (figure 2.7) illustrates th use of 
this form of space filling models. 
.I 
/ 
Cl atom 
green sphere 
representing 
a Cl atom 
Van der Waals' 
o 
radius 1 . 80 A 
covalent 
radius 1 . 0 K 
H atom 
- --
white sphere 
H atom 
o 
1.20 A 
4 
0 . 30 A 
Figure 2.7 Model of Covalt>nt Molecule of Hydrogen Chloride 
4-2 
HCl molecule 
covalent bond 0 
distance 1.30 A 
2.4.2.3 Ball and Spoke Models, such as sets (3), (1) and (8) 
A continuous spectrum of model types exists which ranges from space filling to skeletal 
type models. Ball and spoke models lie in the central region of this spectrum. At the 
interface between space filling and ball and spoke there are shapes joined by connectors 
80 that they are in contact. If the connectors are lengthened so that the shapes are not in 
contact the model is then of a ball and stick type. At the ball and spoke - skeletal iuterface 
the spheres or shapes have almost disappeared and the spokes, indicating molecular 
or crystal geometry are of greater importance. Figure 2.8 illustrates this relationship 
between the model types. 
Figure 2.8 Relationship Between the Model Types 
The spheres in ball and spoke models do not now represent atoms or ions but only the 
positions of these. If they are appropriately scaled, the distance from the centre of one 
sphere to that of another represents the internuclear distance. Although different makes 
of ball and spoke model vary with respect to their features, some generalisations can be 
made. The coloured balls representing atoms or ions do not vary (much) in size. Some 
sets have different size connectors to represent different bond lengths, but this is by no 
means universal. Connectors are made of plastic or of metallic springs and vary in their 
flexibility. The methods of representing bonds vary. Multiple bonds between two (e.g.) 
carbon atoms are usually represented by two or three flexible spokes. In the case of 
a carbon to carbon double bond two black balls with tetrahedrally arranged holes are 
joined by two spokes. The resulting bond angle is therefore incorrect. Some sets provide 
balls with fourteen holes drilled so that an appropriate geometry can be selected. Figures 
2.9,2.10 and 2.11 show examples of ball and spoke models. 
2.4.2.4 Skeletal Models, such as sets (2),(5),(6),(9) 
The focus here is not on the atoms or ions but on the bonds joining them. The atom 
(or ion) is only indicated by a point at which two pieces offramework (rod or tube) are 
joined or intersect. The rods or tubes are made of metal, plastic (rigid or flexible) or 
wood and may be accurately scaled for precision work. In some sets the plastic tubes or 
rods are provided in long lengths which need to be cut to the appropriate size. Skeletal 
models are the most 'open' of all the model types which facilitates measurements of 
dimensions and angles. Most types comprise a variety of framework units of different 
geometries so that an appropriate bond angle can be selected. Figures 2.12, 2.13 and 
2.14 show examples of skeletal models. 
2.4.2.5 Framework Molecular Models (9) 
These fit into the category of skeletal models, but have also a much wider application. 
For this reason it is relevant to describe them in some detail. Plastic tubing is joined by 
pronged metal units. These units comprise a regular tetrahedron, an octahedron and a 
trigonal bipyramid which represent atom (or ion) centres, and a 90° angle connector and 
a linear fastener. The plastic tubing is in 120 mm lengths and there are twelve single 
colours and five two-colour tubes. The two-colour tubes are intended to represent bonds 
between different atoms with the usual colour convention applying. Data on Van der 
Waals' and covalent radii are supplied,' so that appropriate lengths of tubing can be cut. 
This is best illustrated in the diagram of a model of a methane molecule (figure 2.15). 
Figure 2 . 9 Griffin Ball and Spoke Mod 1 
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Figure 2 . 10 Allyn and Bacon Ball and Spok M d 1 
4-5 
Figure 2 . 11 H.G . S. Ball and Spoke Model 
~7 
Figure 2 . 12 Darling Flexible Skeletal Model 
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Figure 2 . 13 Fieser Skeletal Model 
Figure 2 . 14 Minit or Orbit Skeletal Model 
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Van der Waals' 
radius of H 
, 
covalent radius ----4 
of H 
.f----- H nucleus 
f-- covalent radius of C 
Figure 2.15 Framework Molecular Model of Methane Molecule 
In representing multiple bonding in a molecule such as ethene, trigonal bipyramidal metal 
units are used with the equatorial prongs having tubing attached to represent coplanar 
(J bonds . 7r bonding can be indicated by forming extra links between the metal units , as 
shown in figure 2.16 . 
Figur 2. 16 Fra.mework :Molecular Model of thene Mol cule 
This also h as the advant age of prC'venting C-C bond rot a t iI n. A phot ograph r a rr l).l11 . 
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Figure 2 . 17 Framework Molecul r 1 Mod 1 
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work molecular model is shown in figure 2.17. 
2.4.2.6 Orbital Models 
Atomic orbital models may either depict the three dimensional angular dependence of 
the wave function tj;, or the probability tj;2, of finding an electron within a given volume. 
The former is without physical meaning but tj;2 incorporates both distance and direction 
and permits the construction of a boundary surface, an orbital where there is, say, a 95% 
chance of one or two electrons being within this volume of space. Most orbital models 
are of the latter type. A widely used example of orbital models is that of the PEEL type 
(Probability envelopes of electron location). 
These probability function models are of molecular orbitals and represent the charge 
cloud contours associated with chemical bonds. The orbitals are made of expanded 
polystyrene and the nuclei and connecting spokes are those of the Griffin ball and spoke 
type. 
Single and multiple (T covalent bonds (other than to hydrogen) are represented by white 
polystyrene shapes corresponding to 0.150 and 0.135nm lengths. The protonated orbital 
represents the molecular orbital associated with a covalent bond between hydrogen and 
a non metal. This is similar to the polystyrene discussed previously but has a curved 
end. 
Non bonding or lone pair orbitals are red and are shorter and fatter than the (T orbitals. 
11' bonding orbitals are shown in green polystyrene and are of three types : rings for 
aromatic species(figure 2.18), bent shapes associated with three or four nuclei as with 
butadiene, and straight for monalkenes. 
HGS models have been considered as ball and spoke type (2.4.2.3). However, in addition, 
the model sets contain coloured flat discs so that p atomic orbitals may be represented. 
Figure 2.19 shows a photograph of an HGS model of the ethene molecule with orbital 
represent ation. 
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Figure 2.18 P.E.E.L. Model of Benz n Mol u] 
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Figure 2. 19 H.G. S. Model of Ethene Mol cuI 
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2.4.3 Uses of Models In Chemical Practice 
2.4.3.1 Introduction 
Models in chemical practice may be classified according to subject area such as 
- physical chemistry 
- inorganic chemistry 
- organic chemistry 
- biochemistry or 
- industrial chemistry. 
Although, for convenience, models are frequently classified by subject area, there is 
considerable overlap in their use in the various branches of chemistry. Collision theory, 
transition state theory and the Langmuir isotherm may be regarded as models in physical 
chemistry. However, valence bond and molecular orbital theories are models relevant also 
to inorganic and to organic chemistry. Reaction mechanisms are dynamic models used 
to explain observed behaviour of organic and inorganic systems, whereas Valence Shell 
Electron Pair Repulsion theory is used to explain the static shapes of molecules and 
ions, and ball and spoke models to represent such structures in pictorial form. The 
Michaelis Menten explanation of enzyme action in biochemistry is just one aspect of 
the more general series of models of equilibrium. The chemical industry's models, like 
those used in economics are dynamic in nature, for example the input-output model of 
a chemical business involving such components as raw materials, services, manpower, 
cash and products. Usually mathematical process models are involved, and these can 
be used in designing the chemical plant as well as in operating it and in optimising its 
performance. 
Models in chemical practice may also be classified according to the degree of specificity or 
generality of the model system. For example, the contrast between the specific model of 
the induced fit hypothesis to account for enzyme action, and quantum mechanics which 
is an abstract mathematical model applicable to chemistry as a whole. 
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2.4.3.2 Protein Conformation 
In order to illustrate the wide diversity of models relevant to chemical practice, I have 
chosen to look at research in protein chemistry such as discussed in the Open University 
(1977). In particular, understanding conformational control in proteins and what deter-
mines a protein's native conformation. There is no reason to suppose that the role of 
models is less varied in other areas. 
Proteins and their Conformations : background. Proteins are macromolecules which are 
fundamental constituents of every living organism. They have a diversity of biologi-
cal function such as lysozyme (a catalyst) , collagen (a structural fibre) and insulin (a 
chemical regulator). They consist of amino acid residues linked by amide bonds. 
, 
~ 
Due to the possible ways of ordering the twenty naturally occurring amino acids, a 
very large number of proteins is possible. The structure of a protein can be considered in 
terms of its primary structure, the sequence of amino acids in the backbone; its secondary 
structure, the localised conformations along the chain; its tertiary structure, the folding 
of the whole chain; and the native conformation of the protein backbone for its biological 
function. 
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The problem of understanding conformational control in proteins is too large to tackle 
directly as it involves assessing many interdependent factors. One way of dealing with 
such a complex subject is to use a " systems approach " which considers a problem as 
an entity rather than a collection of many parts . Instead of a piecemeal approach to 
a complex problem, the alternative method is that of a structured whole. The main 
problem is broken down into subproblems which may be solved by specialists but within 
the context of the overall structure. Goals and strategies may be changed as a result of 
ongoing work in specialist areas and the most important aspects kept to the foreground. 
Adopting such an approach to the problem of protein conformation could result in a 
series of linked subproblems such as : 
• The anticipated factors of major influence on 
- protein conformation 
- conformation of a particular protein 
- correlations between amino acid sequence and specific conformational features 
- correlation between environmental change and specific conformational change 
• The combined effect of known individual interactions 
- intermolecular interactions 
- interactions between molecule and environment 
• Constraints on conformations imposed by 
- covalent and non-covalent bonds e.g.the geometry of the peptide bond, the 
geometry of the a carbon atom 
- Van der Waals interactions 
- hydrogen bonding 
- solvation interactions 
• determination of 
- amino acid sequence 
- geometry of peptide bond 
- geometry of a carbon atom 
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- native conformations in specific proteins by e.g. X-ray diffraction, 
vibrational spectroscopy, electronic spectroscopy, N.M.R. spectroscopy, 
circular dichroism (CD), optical rotatory dispersion (ORD). 
Some of the models used in solving this (and related) research problems may be consid-
ered according to their level of generality as outlined in 2.4.3.1, with level 1 as the most 
specific and level 3 the most general. 
Level 1 The systems model itself as an organisational model. 
Level 2 Model compounds. The poly-a-amino acids are used as model compounds when 
considering conformational behaviour of the protein backbone. Behaviour of proteins 
has been predicted on the basis of the spectral properties of the poly-a-amino acids. For 
example, 
1. CD and ORD spectra. The major influence on the form of a CD or ORD curve 
is the conformation of the polypeptide chain. Model compounds, comprising al-
most entirely one conformation are used from which to derive absorption properties 
characteristic of protein secondary structures. 
2. Proton nuclear magnetic res on ace spectra. The poly-a-amino acids, with all the 
side chains identical, are used as model compounds for proteins in order to assign 
NH protons of the polypeptide backbone which are conformationally important. A 
measure of helix content has been obtained from a change in backbone conformation 
deduced from the change of these signals with temperature. 
3. Infrared spectra. The vibrational properties of an isolated secondary amide group 
have been analysed theoretically and experimentally, as have those of a sequence of 
such groups in a polypeptide chain. Particular amide absorptions have character-
istics that are diagnostic for secondary conformations formed in proteins. 
4. Computer simulations. The amide I band of some proteins has been analysed by 
computer simulated curve fitting. This involved supplying the computer with data 
from proteins with known detailed structures, such as myoglobin and lysozyme. 
Then when given the amide I band of a different protein, an estimate of the per-
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cent age of the Q conformation and the sum of the !3 and irregular conformations ill 
that protein can be provided . 
Level 2 Models of the polypeptide backbone. Two possible models of t.he polypeptide 
backbone may be considered. For example, a model consisting of amino acid units as 
illustrated. I 
I 
I 
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N 
I 
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I 
I 
I 
I 
11 I 
I 
I 
Alternatively, the polypeptide backb ne may be considered as cOllsisting of peptide units . 
t\ , 
I 
/ 
I 
" 
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The six atoms within each peptide unit lie within a plane, with the NH and carbonyl 
groups anti to each other. In this model the peptide units are considered as a. series of 
planes joined to each other by the Q carbon atom, with tetrahedral geometry. 
Level 2 The Ramachandran model (hard sphere plot) of allowed conformations. Each 
atom in a dipeptide unit can be considered to occupy a volume of space similar to that 
of a hard sphere with the corresponding Van der Waals' radius. Values for minimum 
contact distances or the closest approach between particular pairs of atoms have been 
calculated from Van der Waals, radii. In this way conformations that are disallowed 
because of sterk overlaps can be determined. Ramachandran produced a steric map 
or hard-sphere plot by computerised varying of the angles \{I and if? and rejecting all 
conformations that involved the overlap of any two spheres. 
Level 3 Underlying theoretical models. Theoretical models underlying the whole aspect 
of protein conformation include valence bond theory as a model underlying hydrogen 
bonding and the harmonic oscillator as a model underlying molecular vibrations in in-
frared spectroscopy. 
2.4.4 Use of Models in Chemistry Teaching 
A number of articles and reviews have appeared recently surveying the uses and appli· 
cations of models in chemistry teaching. Walton(1978) considers the more specific case 
of the uses of chemical structure models in understanding concepts . 
.. Models are an invaluable teaching aid in bridging the gap between the formal 
and concrete thought processes because the model represents an abstract idea 
but is itself 'concrete '. The model is a physical manifestation of a concept. 
Using it helps the student to imagine the concept and so it helps to initiate 
him to formal thinking." 
(1978,p13) 
Although the perceived uses of models as judged by the current review articles tend to 
be restricted to models of the analogue type, Walton's recommendation for their use 
in bridging the gap between formal and concrete thought processes seems not to be 
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emphasised. The current uses of models in chemistry teaching may be indicated from 
the selection of articles from recent chemical education journals given in table 2.2. 
-~------ --- -- ------------ ------- ------
Author Type of Model 
Bullock, 1984 3-D computer 
program 
Chemical Area 
Stereoisomerism; RS 
configurations 
Rozzelle, 1985 Stereoscopic projection Chirality; conformation 
Seddon, 1986 3D models Visualization of rotation 
Kildahl, 1986 3D models Crystal Structures 
Petersen,1970 3D models I Reacting centre; mechanisms 
Buglass, 1980 Model building Stereochemistry; chirality, 
from components geometric isomerism, axial 
r dissymmetry, atropisomerism 
Table 2.2 Models in Chemistry Teaching 
In addition, Savory (1976) has carried out a very thorough and comprehensive compari-
sion of about fifty types of models including classifications by type and cost, and details 
of suppliers. 
Recommendations are regularly made for the use of models in chemistry teaching. Per-
haps the most thorough approach to model building in chemistry is given by Ormerod 
(1970) in his book 'the Architecture and Properties of Matter. An approach through 
models.' This is intended for teachers of A-level chemistry; and ea.ch cha.pter shows how 
models may be used to illustrate different chemical topics. 
Excluding the approach by Ormerod, the perceived uses of models in chemistry teaching 
seem to be restricted. 
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An analysis of data from the pilot study supports the view that there is a considerable 
mismatch between the uses of models in chemical practice and the uses of models in 
chemistry teaching. 
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Chapter 3 
DATA COLLECTION AND 
ANALYSIS 
3.1 GENERAL CONSIDERATIONS 
" Methods should not be regarded as atheoretical tools which do their job inde-
pendently of any other consideration than their own elegance. They do their 
job because of other justifications which serve to underpin them. " 
(Ackroyd,S and Hughes,J.A, 1981. p9) 
Which method or methods of data collection are appropriate to a research study ? The 
above statement suggests that the choice of research method for a particular research 
problem is not purely a choice of methodological procedure. For example, how a re-
searcher gathers data is affected by, among other things, how that researcher perceives 
the other person or subject involved in the study. A distinction is often made be-
tween quantitative and qualitative methodologies, or paradigms 1 and 2. Rist(1977) sees 
these, ultimately, as an interrelated set of assumptions about the social world which 
are philosophical, ideological and epistemological and encompassing more than simply 
data gathering techniques. Research methods represent different means of acting on the 
environment. To choose one line of action in preference to another is to have rejected 
others from a different perspective and orientation. In his comparison of conventional 
(quantitative) and naturalistic or ethnographic enquiries, Guba(1978) recognises the im-
portance of these underlying assumptions. He contrasts the two with reference to the 
philosophical base and purpose of enquiry as well as the setting, context, conditions and 
methods. One such comparison of the two methods of enquiry is expressed ill the form 
of a two dimensional grid, (figure 3.1), where the scale of the vertical axis corresponds 
to degree of imposition of constraints by the investigator on possible outputs and that 
of the horizontal axis of the constraints on the a.ntecedent or independent variables. 
EXPERIMENTAL 
INQUIRY 
NATURALISTIC 
INQUIRY 
LOW 
DEGREE OF IMPOSITION OF 
CONSTRAINTS ON ANTECEDENT 
VARIABLES ( INDEP. V Aft IABLES) 
Figure 3.1 Comparison of Naturalistic and Experimental Enquiries 
HIGH 
In this method (simplified from that of Willems) , experimental enquiries fit into the 
upper right hand cell, in which constraints on both antecedent conditions and possible 
outputs are sharply defined. In this cell, the investigator decides both on the nature of 
the independent variables and how they are to be manipulated. In contrast, naturalistic 
enquiries fit into the lower left hand cell, in which neither dependent nor independent 
variables are manipulated by the investigator. The investigator attempts to obtain data 
by studying his subjects in their natural settings, for example as an anthropologist car-
rying out field work. 
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3.1.1 Quantitative Research 
In the past, quantitative research has been the dominant methodology, and has been char-
acterised as being equivalent to the scientific method, derived from the natural sciences. 
In the paradigm governing quantitative methodologies the elaboration and verification of 
generalisations about the natural world are the first tasks of the researcher. Quantitative 
research holds the view that knowledge is cumulative and moves on a continuum from ob-
servation to experimentation to theoretical development. Experimental observations are 
collected, variables controlled, restructuring occurs and a coherent nomothetic theory re-
sults. Features of quantitative research are the use oflarge samples, sample to population 
inference, generalisability and the necessity for using controls and replications. Concerns 
in producing a good experimental design are for validity and reliability. This method 
has been, and is widely and successfully used in the physical, natural, agricultural and 
medical sciences. 
3.1.2 The Suitability of Quantitative Research in the Social Sciences 
and in Education 
Ackroyd and Hughes{1981, p19) consider the variability of " things" that are thought 
of as data in the social sciences and point out that the range may be from narrowly 
conceived bodily behaviour such as eye movements to complex packages of motives and 
attitudes, to descriptions of aggregates of populations of people. The suitability of the 
experimental method for educational research involving human behaviour has been ques-
tioned by Wilson(1977) who puts forward the argument that human behaviour is signif-
icantly influenced by the settings in which it occurs and recommends that psychological 
events should be studied in natural settings. The social scientist cannot understand 
human behaviour without understanding the framework within which the subjects in-
terpret their thoughts, feelings and actions. He considers that the traditional stance of 
objective outsider and the usual (experimental) research procedures are inadequate for 
gathering information that takes participant perspectives into account. The deductive 
activities offraming hypotheses and defining categories before undertaking the study are 
inappropriate. 
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Pope and Gilbert(1982) discuss some of the factors relevant to the selection of appropri-
ate data collection and analysis methods when planning and designing research projects. 
They consider advantages and disadvantages of methods available including such tech-
niques as experimental designs, questionnaires, observations and the various types of 
interviews. Relationships between the underlying paradigm and the research methods 
commonly adopted are given in table 3.1 (Pope and Gilbert,1982). Both qua.ntitative and 
naturalistic researchers aim for objectivity in their methodology, although the interpre-
tation of that term is different within each pa.radigm. Naturalistic research necessitates 
flexibility in relation to the theoretical and substantive problems on hand (Burgess,1984). 
Burgess recognises that work of this type is therefore often criticised as being subjec-
tive, impressionistic, ideosyncratic and biassed. Field researchers are often confronted by 
questions of validity such as the influence of the researcher's presence on the generation of 
data. The naturalistic researcher strives for agreement between a variety of information 
sources or confirmability (Guba,1978) rather than objectivity as agreement among two 
or more equally competent observers. Triangulation is a commonly used procedure in 
qualitative research to address this issue. A research strategy may involve using several 
data sourCes to look at the same problem, using different methods, measures, observers. 
Fielding (1986) sees triangulation as being useful in requiring the researcher to consider 
his material critically, to test it and to examine its weaknesses. The role of triangulation 
is to increase the researcher's confidence so that findings may be better imparted to the 
audience, and to lessen recourse to the assertion of priviledged insight. In reviewing 
trends in chemical education research, Fensham(1984, p320) has noted that the majority 
of researchers prior to the seventies used paper and pencil procedures with large sam-
ples, and statistical methods as the dominant methodology. The more recent change 
is the inclusion of clinical interviewing as part of data collection. He comments that 
now researchers are more concerned with the quality than the extent of their data, and 
make use of clinical interviewing in a great variety of forms as well as other tests and 
observations. 
3.1.3 Research Methods in Chemical Education 
A very large number of studies of the conventional or experimental type have been carried 
out in chemical education. [For example, Smith, W.S., 1983; Staver, J .R.and Halsted,D .A, 
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~SURV"Y IN'rERVIEW QUALITATIVE OR QUANTI'l'ATIVE I ~ QUESTIONNAIRE MAINLY QUANTITATIVE 
/1 
EXPERIMENT • TI::S'l'S MAINLY QUANTI'l'ATIVE 
OFTEN NUMERICAL 
.. Jnalll ruethod:;, ur teLhnj'lut:o> uSt:d 
1985; Pribyl, J.R. and Bodner, G.M., 1987; Seddon,G.M. and Moore,R.G., 1986; Baker, 
S.R. and Talley, L., 1972; Talley, L 1973; Seddon, G.M. and Adeola,A., 1984; Holford, 
D.G. and Kempa, R.F., 1970; Johnstone, A.H.,et a1.,1977). These usually involve the 
identification and measurement of factors thought to influence a particular observed 
outcome or to investigate the relationships between possible variables. For example: the 
factors such as instruction and gender influencing spatial ability; the effects of use of 
models on chemistry achievement; the relationship of visualization skills to achievement 
in chemistry. These often take the general form of pre-test -~ instruction -~ post-test 
-~ statistical analysis. 
The number of studies involving learning, understanding and concept formation in chem-
ical education has increased over the last fifteen years. Sutton(1980) has reviewed meth-
ods for probing the organisation of a learner's prior knowledge. These include clinical 
interviews with individual pupils, word association or word-sorting tasks, asking learners 
to write definitions or to choose a preferred statement from several correct ones, and 
tasks which involve bipolar dimensions on which an idea is rated, such as the Kelly 
repertory grid. He describes the clinical interview as one of the oldest techniques for 
exploring children's thought. In this, the interviewer tries to allow the interviewee to 
talk freely, and also probe to check his reasoning, The method is seen as a potentially 
powerful one in probing understanding. However, a major disadvantage is the time nec-
essary to carry out a number of one to one interviews, and also the problems involved in 
analysing the resulting data. The need to select an appropriate method of data collec-
tion for a research study is stressed by Lewis (1983) who compares his own investigation 
into women physics students with those reviewed by Smithers and Collings (1981). The 
former involved a more qualitative approach using semi-structured one to one interviews 
where the students talked about themselves and their own experiences. In contrast, the 
latter were more quantitative in nature. The characteristics of women physics students 
revealed by the two studies are seen to be substantially different. Lewis suggests reasons 
for the differences in findings, including choice of data collection methods, and corrunents 
on the care needed to avoid making incorrect conclusions and to base future research 011 
shaky foundations. A variety of interview methods have been used in chemical education 
research. For example, the interview about instances teclmique developed by Osborne 
and Gilbert( 1980b) may be classified as a semistructured interview and be placed some-
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where at the centre of the experimental-naturalistic continuum of research methods. The 
technique consists of audiorecording discussions with a student, using a set of cards con-
cerned with the applications of one concept as a focus. The card usually consists of a 
line drawing of a situation which mayor may not represent an example of the applica-
tion of the concept. The student is encouraged to give reasons for each response. The 
individual interview situation not only allows flexibility in discussing reasons or lack of 
reasons for a particular categorisation, but also allows information to be gained about 
a student's understanding in situations where he or she is unsure how to classify an in-
stance. The interview situation also allows the student to ask questions, for example to 
clarify perceived or actual ambiguities before attempting to classify a particular instance. 
This method has been particularly useful in investigating physics concepts such as force, 
energy, and electric current. 
Macguire and Johnston(1987) have developed diagnostic techniques for investigating a 
pupil's understanding of selected science concepts. They consider that in testing under-
standing of a particular concept, the pupil's ability to categorise instances not previously 
encountered should be assessed. The test consists of presenting pupils with a 5 x 5 grid 
of numbered boxes representing an instance of a particular concept. The pupils are re-
quired to identify the concept in each box and to enter on a prepared chart the numbers 
of the boxes relevant to that concept. The grid of numbered boxes had been previously 
validated by experienced teachers. The closer the pupils matched the 'experts' the better 
the pupil's understanding of the concept. Macguire and Johnstone claim that by noting 
certain omissions or particular inclusions, the teacher may quickly diagnose a pupil's fail-
ure to discriminate a given concept. They note that their method has similarities with 
the interview about instances technique of Osborne and Gilbert and claim its advantage 
over the latter in its application to the classroom teacher. However, this advantage in 
being able to use the method for large scale diagnoses must be at the expense of the 
quality of data obtained by the Osborne and Gilbert one to one interview method. Cros 
et al(1986) adopted a composite strategy in their investigation of first year university 
students' conceptions of the constituents of matter and the notion of acids and bases. 
Their procedure consisted of three stages, free interviews followed by semi-structured in-
terviews and then a questionnaire based enquiry. The purpose of the free interviews was 
to let students express themselves freely in order to draw up as wide ranging an inven-
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tory as possible on their conceptions. This initial pilot study led to the semi-structured 
interviews which served as a source of questions for the questionnaires (consisting of both 
multiple-choice and open ended questions). The researchers compared the data obtained 
from the semi-structured interviews with that from the questionnaires, as a means of 
validating and justifying the use of the latter more widely applicable method. (One form 
of triangulation strategy). 
3.2 METHODOLOGY IN RELATION TO THIS STUDY 
3.2.1 Choice of Method 
The aim of the study is to answer the research questions described in 1.3 as fully as 
possible. The areas I have considered in selecting suitable methods of data collection are 
outlined in figure 3.2 
THE RESEARCHER 
professional skills (preference 
for a particular method). 
purpose of enquiry 
outcomes for the data.e.g. 
generalisations or predictions 
time allocations and distribution 
NATURE OF THE ENQUIRY 
the type of information 
needed.e.g. factual data 
e.g. understanding 
thought processes 
I APPROPRIATE METHOD? I 
THE SUBJECTS 
-availability 
Figure 3.2 Choice of Data Collection Method 
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3.2.1.1 Nature of the Enquiry 
This enquiry is concerned with two aspects: 
• scientists' perceptions of the nature of chemistry and chemists . 
• the ways different chemistry students use models in chemistry, and the thought 
processes involved. 
For convenience, the general term 'chemist' may be used to refer to the subjects taking 
part in the study, rather than specifying undergraduate, postgraduate student, chemistry 
teacher, for example. A brief description of the background of each of the subjects is 
given in table 3.3. It is likely that each chemistry student appreciates, understands 
and learns chemistry in a way individual to himself or herself, and that these complex 
processes may need to be probed to obtain maximum awareness by the researcher. 
3.2.1.2 Concerns of the Researcher 
One of the major outcomes of an enquiry into the role of models in understanding chem-
istry should be to make reconunendations to teachers of the findings. For such an enquiry 
to have value and applications in the educational field, statements, generalisations, and 
possibly predictions should be made. 
The time allocation and distribution for this enquiry have to fit not only with the re-
searcher's full time occupation, but also within the framework of a coherent research 
project. 
3.2.1.3 Availability of the Subjects 
For both aspects of the study there is the potential for obtaining a very large number of 
chemists from schools, universities, polytechnics, colleges of education (both students and 
staff) and from industry. The number chosen from this large pool is determined partly 
by the time available to the researcher. However, the main consideration in selecting 
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appropriate sample sizes is the variety of information and ideas being generated by the 
interviews. When, from interim analysis, it appears that no new data is being generated, 
the sample size is considered adequate for the purposes of the research study. 
3.2.1.4 Specific Methods Chosen 
Table 3.2 shows some possible choices of method, and constraints on method choice 
relevant to this study. In addition to obtaining a relatively small amount of factual 
information from chemists relating to their experience and familiarity with chemical 
structure models, the research questions of 1.3 are likely to be answered more fully 
by adopting a flexible and open ended approach. For this reason, the experimental 
statistically based methods are not considered to be suitable as the major data collection 
methods for this study. As much information as possible needed to be gathered on 
chemists' understanding and views on selected themes. For both aspects of the enquiry, 
the method considered most suitable is the semi-structured interview. Once broad topics 
or questions are introduced, the chemist is free to develop these however he or she wishes. 
This allows major areas of interest to the researcher to be explored, but at the same time 
the direction and pace of the discussion within these areas to be under the control of the 
particular chemist. 
The nature of the main study - discussing and working with chemical structure models, 
required that the workshop interviews be videorecorded. The major reason for this 
is to ensure the recording and analysis of as accurate data as possible which involves 
three dimensional coloured objects. In addition, non verbal information given by the 
participants may be relevant to the study. It was not considered necessary to videorecord 
the interviews relating to perceptions of a good chemist, as the visual aspects were 
thought to be relatively unimportant. These interviews were audio recorded; likewise 
the follow up studies were audio recorded only, as these involved mainly discussion and 
much less model use than in the main study. In undertaking any form of naturalistic 
enquiry, the problems of ensuring authenticity and credibility need to be addressed. To 
do this, a combination of research methods was used. The relationships between the 
data sources and the research methods used in the study is discussed in 3.2.2.3. 
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Relevant Factors Possible Methods 
Nature of the Enquiry Mainly understanding thought processes 3,4,5 not 7 
Purpose of Enquiry i To make some predictions and generalisations Not 1,2 
The subjects : Large number potentially available 
Researcher preference : No particular preference or lirnitations Any 
Researcher time I Lirnited Not 1,2,3 
Possible methods available. 
1. Individual classroom observations 
2. Simplified classroom observations 
3. Interviews-unstructured 
4. Interviews-serni-structured 
5. Interviews-structured 
6. Questionnaires-open response 
7. Questionnaires-fixed response 
Table 3.2 Data Collection Methods Considered 
3.2.2 Practical Aspects 
3.2.2 (3.2.2.1 to 3.2.2.6) summarises details of the various parts of the research project, 
including its aims, the participants' backgrounds and the structure of the interviews. 
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3.2.2.1 Research Subjects 
Preliminary pilot study. 1984/85. To refine research questions, and improve techniques. 
5 B.Sc. final year joint honours chemistry and 7 PGCE chemistry students. 12 B.Sc. 
first year chemistry students using models in an organic chemistry test. 
Notion of chemist. Oct 85/Feb 86. The qualities ofa good chemist as perceived by chemists 
and other scientists. 6 university academics( chemists), 5 school chemistry teachers, 4 in-
dustrial chemists, 5 scientists (non chemists). 
Main study. March 86/May 87. How chemistry students use models in chemistry. 45 
chemistry students: 24 undergraduate, 11 PGCE, 10 Ph.D. 
Follow up study. June/ July 87. The effect of specific teaching about the scope of chem-
ical structure models on the notion of model. 8 chemistry students selected from the 
main group. 
3.2.2.2 Details of Work Carried Out by Myself 
All interviews: 
• Pilot study 24 chemistry students, audio or video recorded 
• Notion of chemist audio recorded 
• Main study 45 chemistry students audio and/or videorecorded 
• Follow up study 8 chemistry students audio recorded 
Majority of interview transcriptions: 
All transcription checking 
All coding, analysis and interpretation of data. 
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Research Subjects: background. Perceptions of a good chemist 
Ref.No. Background 
13 HE academic chemist, industrial experience 
14 Secondary school teacher, chemist 
15 HE chemical educationalist 
16 HE academic, chemist 
17 HE academic, chemist, industrial experience 
18 Retired HE academic, chemist 
20 Secondary school teacher, chemist 
21 Secondary school teacher, physical scientist 
22 Secondary school teacher, chemistry,research experience 
23 Retired industrial chemist,factory technical manager 
24 Industrial chemist, company director 
25 Secondary school teacher, physical scientist 
26 HE academic chemist, industrial experience 
27 HE academic chemist 
27a HE academic, anthropologist 
27b Secondary school teacher, physicist and HMI 
28 Further education academic, biologist 
29 HE science educationalist 
30 Industrial chemist, quality controljresearch and teaching experience 
56 Secondary school teacher,chemist,pharmaceutical research experience 
Research subjects:background. The main and follow up studies 
51 
52 
Third year undergraduate; biology/chemistry 
Third year undergraduate; biology / chemistry 
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53 Third year undergraduate; biology/chemistry 
54 Third year undergraduate; biology/chemistry 
55 PGCE, physics 
56 Secondary school teacher, chemistry 
57 PGCE, chemistry 
58 PGCE, chemistry 
59 Third year undergraduate; biology/chemistry 
60 Second year undergraduate; biology/chemistry 
61 Second year undergraduate; chemistry /mathematics 
62 Second year undergraduate; biology / chemistry 
63 Second year undergraduate; chemistry/mathematics 
64 Second year Ph.D.;phytochemistry 
65 Third year Ph.D.;chemistry 
66 Third year undergraduate; biology/chemistry 
67 Second year Ph.D.; chemistry 
68 Third year undergraduate; biology/chemistry 
69 Third year undergraduate; biology/chemistry 
70 Third year undergraduate; biology/chemistry 
71 PGCE, chemistry 
72 PGCE, chemistry 
73 PGCE; chemistry 
74 PGCE; chemistry 
75 Second year undergraduate; applied chemistry 
76 Second year undergraduate; applied chemistry 
77 Second year undergraduate; applied chemistry 
78 Second year undergraduate; applied chemistry 
79 Fourth year undergraduate; applied chemistry 
80 Second year Ph.D.; chemistry 
81 Fourth year undergraduate; applied chemistry 
82 Second year Ph.D.; chemistry 
83 Second year undergraduate; applied chemistry 
84 Second year undergraduate; applied chemistry 
85 First year undergraduate; applied chemistry 
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86 First year undergraduate; applied chemistry 
87 Second year Ph.D.; chemistry 
88 Second year undergraduate; chemistry jbusiness studies 
89 Third year Ph.D.; chemistry 
90 Second year undergraduate; chemistry jbusiness studies 
91 Second year undergraduate; chemistry jbusiness studies 
92 PGCE, chemistry 
93 PGCE, chemistry 
94 PGCE, chemistry 
95 PGCE, chemistry 
Table 3.3 Research Subjects: Background. 
3.2.2.3 Data Sources Used in the Study 
Data sources relevant to an understanding of the use of models by the main sample (M) 
of chemists are indicated by the arrows in figure 3.3. In an attempt to authenticate 
the conclusions presented in this study, more than one method has been adopted in 
gathering the data. In this way a wider perspective can be obtained. For many of 
the chemistry students taking part in the research, records of academic qualifications are 
available. These records include A- level grades and B.Sc. degree classifications. In many 
cases, tutor assessments are also available in an abbreviated form, and for some, more 
detailed references are available. All this information was obtained after the interviews 
had taken place. In order to maintain confidentiality, this information is not included in 
the research report, except for the case studies where it has been used to complement 
the interview data. In addition to using the follow up interviews for the purposes stated 
in 3.2.2.1, these have been necessary as a means of checking and elaborating the data 
and the interpretations made in the main interviews. 
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4 Thtor assessments 
1 Workshop / Inter views 
I 
---V 
2 Small sample (F) follow up interviews 
3. Academi c qu a lifi cati ons 
and examin a tion r('s llll s 
Figure 3.3 Information Relevant to th Study: Summary of 11 th ds 
3.2 .2.4 T h e Main Sample (M) 
Th e sample for the major part of 1,11 r es arch stud y c mi sled of for ly fl v ch m-
istry students from p oly technks, colleges of edu cation a lld uni v rs il il'S . Earh r hem-
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istry student was allocated to one of four groups depending on their experience level 
in chemistry. For example, an undergraduate in the first year of a. chemistry degree 
was considered to be at experience level 1. For example, a. chemistry graduate follow-
ing a one year postgraduate certificate in education was considered to be at experi-
ence level 3. Table 3.4 indicates the numbers of chemists at each experience level. 
Experience level No. of No. of Institutions 
of chemists chemists involved 
Level 1 
Year 1 chemistry single honours 9 2 
or Year 2 chemistry joint 
honours 
_ .... - --'. - -_. _.----. . ... 
. '. --_. 
-
.- --
Level 2 
Year 2 chemistry single honours 15 2 
or Year 3 chemistry joint 
honours 
Level 3 
Graduate chemists, one year 11 2 
PGCE chemistry course 
Level 4 
Graduate chemists, 10 5 
Ph.D research 
Table 3.4 Distribution of Chemists:Main Sample 
The final column in table 3.4 refers to the number of institutions at which the students 
were studying at the time of the interview. For example, the eleven graduate chemists 
following one year PGCE courses came from two institutions, a university college and a 
college of education. However, the lLS_c. degrees obtained by the twenty one graduate 
chemists were from thirteen different institutions. 
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The practical setup for the main study. Interviews took placE:' at thE:' chE:'mist '5 own insti-
tution in a well lit office or laboratory, similar to that shown in FigurE:' 3.4. ThE:' modE:'ls 
and materials were in full view and readily accessible to the student who sat at a desk 
on a swivel chair (if possible) to enable easy reach of all the materials. White surfaces 
and backgrounds were used as far as possible to enhance the colours of the modelling 
materials used. Noise was reduced by covering the desk surface with a towel. The video 
camera was placed on a tripod and pointed down into the room, with the window be-
hind the camera. The view from the camera was of the student (mainly side view), the 
models and the working area, but not of the interviewer who was below the camera as 
indicated. The equipment was set up to be as unobtrusive as possible to the student. 
For this reason the monitor was not in view. A Panasonic VHS Cam re-corder NMV3 
with remote control attachment was used for the majority of the recordings. In many 
of the interviews an audio recording was also made as a back up procedure. During the 
c.ourse of the research, modifications were made to the data gathering procedures with 
the aim of improving both the equipment and the interviewer te-chnique. These included 
improvement in the layout of the materials, the room lighting and student seating as well 
as more efficient use of videocamera. As a result of interviewing experience in general, 
and information obtained from these research interviews, modifications were made in or-
dering questions and dealing with multiple answers. These changes taking place during 
a series of interviews may be summarised by the cycle 
(QUESTIONS POSED \ 
QUESTIONS MODIFIED RESPONSES GIVEN 
~ ANALYSIS OF RESPONSES ~ 
The aims, structure and format of the interviews are discussed in later chapters. 
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3.2.2.5 The Follow-Up Study 
The purpose of the follow up study was to consider the effect of teaching about the scope 
and limitations of chemical structure models on a chemistry student '8 perception of the 
nature of model and modelling, and to gain information on chemistry students' views 
concerning the position of teaching about models and modelling in chemistry curricula. 
The follow up study was carried out with eight chemistry students selected from the 
main sample. It was thought desirable to include chemists from the whole range of 
experience levels from first year undergraduate to postgraduate students. However none 
from experience level 1 were available for interview, and the eight participants taking 
part in the four separate interviews came from experience levels 2, 3 and 4, as indicated 
in table 3.5. For example, the second interview was with three postgraduate chemistry 
students (numbers 71, 72 and 74) following a one year PGCE course. 
! 
I Interview No. Chemists Reference No. Experience Level 
1 68,69 2 
2 71, 72, 74 3 
3 : 92,94 3 
4 : 89 4 
Table 3.5 Distribution of Chemists:Follow up Study 
The four interviews, lasting between 45 and 75 minutes, were audio recorded and took 
place in the chemist's own institution. 
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3.2.2.6 Perceptions of A Good Chemist 
Twenty chemists and other scientists from a variety of backgrounds and occupations 
took part in semistructured audiorecorded interviews to consider the notion of 'the good 
chemist'. The twenty scientists were employed in secondary schools, higher education 
and in industry (including one retired industrialist) and varied in age, experience and 
responsiblility level. Table 3.6 shows the distribution of the participants by occupation 
and by scientific background (given in detail in table 3.3). For example, the five non-
chemists included physicists, biologists and chemical educationalists. 
School I Higher education Industry 
i chemist 5 
Non-chemist 2 
i 
I 
6 
3 
4 
o 
Table 3.6 Distribution of Sample:Perceptions of "The Good Chemist" 
Interviews lasted between 15 and 90 minutes and with two exceptions took place at the 
scientist's own place of work. 
3.3 DATA ANALYSIS 
3.3.1 Transcription of Data 
The researcher, as a participant and part of the interview process, inevitably gains un-
derstandings and insights of the subject not readily available to others. Which parts of 
an interview transcript are considered relevant and so selected for analysis are likely to be 
influenced by these 'black market' insights or second records (Hull,1984). Care is needed 
in undertaking any form of naturalistic enquiry to recognise and, if possible, address this 
problem. The degree of success in tackling such problems in this present research study 
is discussed in chapter 9. In selecting an appropriate procedure and style for interview 
transcription, the transcriber's perspective or bias should be recognised. Any transcrip-
tion is inevitably selective on the part of the transcriber and is an irlterpretation by the 
transcriber of the recording, rather than the raw data itself. There is a large difference 
in styles between the spoken and the written word. The transcript should reflect as 
faithfully as possible what actually went on in the interview, including aspects which 
would not normally be recorded in written prose. These aspects may include hesitation, 
pauses, laughter, gestures, facial expressions, emphasis, questioning and movement by 
the interviewee. A method should be found to indicate these non-verbal aspects, but at 
the same time not generating unmanageable and unreadable transcripts. 
Watts(1980) advocates the absence of the normal punctuation of written English, sug-
gesting that these are interpretations by the transcriber. In adopting a transcription 
procedure, I have tried to keep as closely as possible to a style resembling written En-
glish, but at the same time adding as much additional information as possible. I recognise 
that in transcribing (or checking) an interview recording, the result will inevitably be 
subjective. For this reason I have not avoided the use of the normal punctuation. For ex-
ample, if after listening to and watching a recording several times, the subject appeared 
to me to have asked a question, this was transcribed with a question mark, rather than 
indicating the sentence with a rising tone (which is itself subjective). In a similar way 
sentence punctuation has been included. As a means of justifying this procedure, some 
of the interviews were transcribed independently by another person who was given in-
structions on using the style previously described. My own subsequent interpretations 
were in close agreement with these. 
The sound track from each videorecorded interview was copied to audio tape, unless 
a separate audio recording of the interview had been made. The transcription process 
involved several stages: listening to the recording without stopping; recording the words 
and sounds verbatim; viewing the videorecording to check punctuation and to add em-
phasis; adding non verbal information. 
Each transcript was marked with the date, and a reference number for the chemist 
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concerned.(See table 3.3) The pages were organised in three sections, a capital letter to 
distinguish the speakers; the text, with double spacing between speakers; and counter 
numbers, non verbal information and comments. In the body of the text the punctuation 
was used as indicated. In addition emphasised speech was underlined, any undecipherabk 
words indicated by xxxx, and disjointed sentences or phrases by - - - -. A short 
interjection by one speaker into the speech of another has been shown by enclosing the 
interjection in round brackets. However, any pauses that occurred were not indicated 
within the text, but in the column of comments. An example of an interview transcript 
illustrating this procedure is given in appendix 1. 
3.3.2 Analysis Methods Used 
In 3.2.1.4 the semi-structured interview technique was justified as being the most appro-
priate to this study, in preference to other data collection methods available. Compatible 
methods of analysis of the data are required. There is a choice between using pre-set 
categories, developing categories from the interview data, or eliciting categories from 
the interviewee as with the Kelly repertory grid. For the small amount of factual data 
provided by the chemists in this study, the use of pre-set categories was considered appro-
priate. For example, in analysing data relating to the chemists' familiarity with chemical 
structure models, specific model types were used as the pre-set categories. 
In contrast, answering the majority of the research questions required flexible, open ended 
discussions around selected themes, where the chemists' perceptions, understandings and 
judgements were probed. The use of pre-set categories was considered inappropriate for 
this purpose. Here, the interview data itself was used to develop suitable categories, in a 
method similar to that described by Gilbert and Watts(1983), and by Lewis (1983). The 
procedure adopted was initially to read §ll the transcripts available, before carrying out 
any analysis. The purpose was to get an impression of the diversity of ideas and themes 
considered relevant to the chemists taking part, before developing appropriate categories. 
For example, in identifying patterns of model appreciation by chemists, a variety of 
perceptions concerning the nature, uses and applications of models were revealed. The 
first stage of the analysis involved recording each chemist's responses within this theme. 
(See appendix 2). These individual responses were then grouped into the researcher 
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imposed categories shown in tables 5.8 and 5.12. This was the major data ana.lysis 
method used in the study. 
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Chapter 4 
PERCEPTIONS OF THE 
GOOD CHEMIST 
4.1 AIMS OF THE STUDY 
Twenty chemists and other scientists from a variety of backgrounds and occupations 
took part in semistructured au~iorecorded interviews to consider the notion of "the good 
chemist". The twenty scientists were employed in secondary schools, higher education 
and in industry, a.nd varied in age, experience and responsibility level. The distribution 
of participants by place of employment and by scientific background is given in table 3.6. 
The study had several related aims. Firstly to find out how the participants viewed a 
person called "chemist" and what subdivisions of chemist, if any, they thought appro-
priate. Secondly, to see whether there was a consensus of opinion by the participants 
on the meaning of "good chemist" and the qualities or attributes considert'd relevant. 
Thirdly, to identify views on special qualities or attributes of chemists in contrast to 
other scientists. 
During the interviews, discussion with the participants centred around some or all of tht' 
following topics. 
• The relationship of chemistry to other sciences and other disciplines. 
• What chemistry is, what chemists do and thE' divE'rsity of typE'S of chemist. 
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• Whether there are core qualities that all good chemists possess, i.e. whether there 
are criteria that can be used in assessing a persoll as good chemist, or whether 
criteria differ for different types of chemist. 
• Whether there is a development as a chemist throughout a person's life. 
• The meaning of the word 'good' and the ways it might be assessed. 
4.2 ANALYSIS OF DATA 
The first stage in analysing the data involved identifying from the interview transcripts 
the attitudes, skills or qualities considered by the participants to be necetlll&ry for recog-
nition as a good chemist. At this stage a totallist was compiled, rather than the grouping 
of specific attributes for each type of chemist. Table 4.1 shows these attributes classified 
under four headings: 
1. "Background" 
2. "Practical or manipulative" 
3. "Personal/character" 
4. "Conceptual" 
The first column in the table includes attributes under the general heading "background" 
with its two groups B1 and B2. Within the first subgroup are qualities which are knowl-
edge related, such as possessing a good basic knowledge and factual recall. The second 
subgroup, B2, is more concerned with "intelligence" in a general way, rather than directly 
related to science. 
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Background Practical Character Conceptual 
Concerning Self Concerning Others 
Ch3 C5 
enthusiasm 
inquisitiveness 
interest 
curiosity 
Table 4.1 Attributes of Good Chemists 
relate diverse 
facts 
make new 
connections 
switch models 
link micro 
and macro 
The second column in the table under the heading "practical" refers to those skills consid-
ered relevant to chemistry in its experimental aspects. The third column has the general 
heading "character" and is concerned with personal skills. It has two main subdivi-
sions, those personal characteristics which concern the individual (ChI, Ch2 and Ch3), 
and those personal characteristics where there is an interaction between the individual 
chemist and other colleagues (eh4 and Ch5). Within each of the subgroups such as Chi 
the characteristics are similar, but nevertheless closely related to the other subgroups. 
For example ChI consists of the characteristics such as perseverence considered relevant 
by some of the scientists taking part. Other participants used similar words such as per-
sistence or stamina. Ch2 consists of attributes concerned with a chemist '8 way of working 
or his organisation. Although this subgroup bas been classified under the general column 
heading of "character", nevertheless there is some overlap of these characteristics with 
the practical attributes, Pl. The final column in table 4.1 headed "conceptual" refers to 
attributes involving mental or thought processes. Within this major heading, there are 
five subgroupings Cl, C2, C3, C4 and C5. These could bt' considered to form a hierarchy 
with skills grouped into C5 such as the ability to make new connections, at a higher 
conceptual level than Cl skills such as the ability to organise data. The rt'lationship be-
tween these skills presented in table 4.1 and the various types or occupations of chemist 
will be discussed in 4.3. 
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4.2.1 Stereotypes of Chemist 
The following extracts have been selected as representative views concerning different 
types of chemist. They are being used here mainly to highlight perceivt'd differences 
in the types of chemist. It should be noted that not all scientists agree totally 011 
characteristics but there was a reasonable consensus of opinion between them. 
1. The production chemist 
"You always get [in industry] the sort of dead weight of people who seemed to 
gravitate towards production, who are very stick in the mud. They're bound 
to be conservative because if you start messing around a process, they mess 
around with a reaction in the laboratory, I'm not talking about a few grains 
being lost, we're talking about thousands of tonnes, you're not just talking 
about a flask just sort of catching fire, you're talking about a major incident, 
so they're bound to be conservative and much more cautious, but they also tend 
to be a lot less imaginative and capable of looking at things from a new point 
of view." 
(chemist No. 30) 
This conunent from a professional chemist with academic research experience, now in 
charge of quality control for a small company who highlights some differences between 
academic and industral work and some of the features of chemists who tend to work in 
each. The emphasis is on caution, conservatism and lack of imagination, and a matching 
of these characteristics with work to be done. 
2. Quality control 
"Well I suppose the biggest quality is common sense. Far outweigh!! a logical 
mind. But I would hate to take I think a degree person without any training 
direct in. I think that would be disastrous. He would try to almost change the 
system if you like and apply things to things that don't need applying. " 
(chemist No 24) 
This view of good quality control chemists is that of a director of a small company, and 
is in agreement with others in a similar managerial position. The chemist is required to 
have practical skills and be obedient. 
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3. The technician 
" Let's start with the technician" ...... "If I was talking of maybe the traditional 
type biologist who is not a biochemist. Let's exclude those maybe even taking 
a microbiologist, for example, you want someone who is able to .... technically 
competent, able to handle things carefully, is able to judge what they're doing 
as a competent task. They're able to be critical of methods. In other words, 
they're not just cooking. They're actually considering what they're doing and 
saying tis this right for what the aim of the experiment is P"for example. " 
(scientist No 28) 
This view is of a biologist who is currently head of a science department at a technical 
college. He has had experience in teaching, and as a microbiologist. While this is looking 
at biology rather than chemistry technicians, the general consensus is that any differences 
are minimal. This same biologist elaborates his interpretation of technician. 
"You want someone who can think rather than a bottle washer. A bottle washer 
is not a scientist. Even though it might be classed as technician grade." 
( scientist No 28) 
Other perspectives of technician are similiar. The emphasis is on good practical skills, 
understanding of the immediate task, but not necessarily an understanding of wider, less 
related issues. 
4. The researcher 
"If you went in and talked to him about anything in chemistry he would have 
a good basic knowledge and would be able to work on anything ...... " "He was 
on top of all those subjects. lou know and could get into any of them ...... " 
"He was a good chemist because he had a good breadth of knowledge as well a6 
the ability to pursue one particular research interest" 
(chemist No 13) 
This is the view of a university academic about his "ideal sort of chemist". The university 
academic had previous experience in a government research laboratory and was referring 
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to a senior chemist. There the qualities of breadth and depth of knowledge are mentioned, 
as is the ability to connect diverse areas. 
The latter quality is mentioned by another university academic when describing a doc-
toral researcher. 
"There was a postdoc that [ worked with, who was probably the best practical 
chemist that I've come across and aLso had the ability to go outside what he 
was doing, relate it to other work and apply techniques new to him. " 
(chemist No 16) 
5. The Ph.D student 
Several chemists emphasised that the character of successful Ph.D students had a large 
element of determination in addition to several conceptual abilities. 
"She has the character to be disciplined and to be single minded and apply 
herself in a certain way to doing a certain kind of task. That's why she's being 
looked on favourably, she's a good Ph.D student. She's going to get a Ph.D. 
She's going to do what's required of her and she is going to acquire knowledge 
and she's going to turn a handle ...... " She might do a good thesis but I don't 
really see that as a good chemist. " 
(chemist No 13) 
The kind of personality needed to cope with successfully completing a Ph.D is discussed 
by a university academic. 
"You need to have a calm personality"...... "That even though you run into 
difficulties, you're not going to be thrown by them. So you shall ...... again it's 
an aspect of perseverence, that you keep on going and if you've got a personality 
which is inherently fairly calm even though it's enthusiastic, I suppose. That 
sounds a bit contradictory. ...... A balance probably. Or maybe sometimes you 
get it one way and when you start a piece of research you need the enthusiasm 
and to carry it on you need the calmness. " 
(chemist No 18) 
6. The team leader 
A typical team leader in an academic environment has recognisable characteristics. 
"Drive, ruthlessness, ability to get money into a situation. It's a different 
character again, and it's not just chemistry we're involved in. Its what's re-
quired in a particular situation. And the ability to drive other people to work." 
...... "X is the chemist that not only knows his subject but he's got other things 
like arrogance to say'I am right and therefore I should have money'. So that's 
required in academic situations if you're going to get to the top. " 
(chemist No 13) 
7. An overview 
A university academic with previous experience of working with a large chemical company 
and of teaching in a secondary school compares the requirements for different chemical 
careers. 
liMy personal opinion is that the sort of requirements for teaching, industry 
and research are not necessarily the same. I would say in research one's looking 
for that flair. In teaching I think there are two main requirements, that is the 
presentation of the subject and being able to get to the right level whether it's 
school or graduate" ...... "On the industrial side it needs something different 
again, particularly in this sort of research and development you'vP got to be 
able perhaps not to focus too much on the fine detail, got to get results fairly 
quickly. Often there's not time to pursue the thing in great depth. " 
(chemist No 17) 
4.2.2 Changing Perceptions of the Good Chemist 
A university academic with industrial experience summarises the changing perceptions 
of lithe good chemist" by contrasting the research chemist of today with his counterpart 
of the last century. 
"Well they (good chemists) vary a lot I mean the old school version of a good 
chemist was someone who was brilliant at bench work and you could certainly 
see a number of those around who could pick up an organic compound and give 
it a sniff and then do a couple of tests and they'd have the exact formula out 
in no time at all. Now in the main these were certainly not classified as good 
chemists because they failed their exams. So they were good in the sense of 
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being able to do practical work, and I guess if they'd been living a hundred years 
previous they would have been really regarded as being very good chemists but 
they didn't have the ability to transfer this bench work into a more theoretical 
area, so one of the tests of being good is coming up with a qualification that 
says you're a chemist and they were not able to make that transition, so it is 
a complex amalgam of ..... just being able to do bench work is not enough. 
You've got to be able to order it into some th.eoretical framework a.nd some 
people are unable to do that. The other way round doesn't seem to matter so 
much." 
(chemist No 26) 
He goes on to sununarise the present position 
"So the people you're left with are the ones who are adequate at bench work 
and adequate at analysis and not necessarily brilliant at both. " 
4.2.3 Perceptions of Chemist in Relation to Perceptions of other sci-
entists 
Discussions centred around possible differences between chemists and other scientists. In 
considering interests, one academic chemist expressed the view that: 
"Some of that (enthusiasm for chemistry) I'm certain relates to a joy in playing 
around with visual images that you can't do in physics 'cause a lot of it's 
mathematical and you need equations." 
(scientist No 29) 
A minority of chemists considered chemistry to be different from the other sciences and 
hence that chemists possessed specific skills. For example that chemical apparatus is more 
complex (a secondary school teacher); that understanding chemistry requires flexibility 
and linking diverse concepts (a university academic). Views such as these were not held 
by the majority of chemists who considered there to be little to distinguish the good 
chemist from other good scientists. 
"I think the point is it is really whether a person is a good person..... whether 
he is a chemist or a physicist or whatever becomes secondary, probably the 
initial thing is the fact that they've got """ I suppose basically you've got 
intellectual capacity. " 
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(chemist No 30) 
"When you say does a chemist need something different from a businessman 
for example, I think the qualities of dynamism and go are more or less the 
same in whatever vocation one has chosen, you could make a good chemist, 
you might make a good businessman or whatever." 
(cherrust No 17) 
"Well I think there are a number of qualities (of a good chemist) which are 
desirable but can you detach them entirely from either being a good scientist 
or being a good person?" 
(cherrust No 18) 
An academic biologist disagreed with the view that chemistry and chemists inherently 
hold a special place. 
"The chemists tend to think of themselves as being an elite. They tend to think 
there's something special, that maybe they are one of the primary sciences" 
...... "chemists tend to be very insular and ignore to some extent what goes on 
outside their own science. " 
(scientist No 28) 
A university acaderruc cherrust with an industrial background considers the role that 
teaching and training plays in differentiating the approach chemists and other scientists 
bring to a problem. 
"I don't think there's one particular quality I would pick out and say II chemist 
has this and somebody else hasn't. I think chemists have learned to be analytical 
in a particular way, breaking problems down in a particular style, but I think 
other professions do do this. There are very strong links across to things like 
accountancy where they start with a complex problem and they break it down 
to sums of parts and look at how particular things have been added through, 
• What if we alter this? What effect does this have? ' ...... 
...... "There's a distinct difference between how a chemist operates and how a 
medical doctor operates. There they again are looking at whole organ.i.,ms, and 
chemists I think as a whole don't look at problems. They tend to break them 
down and look for models and I think it's probably searching out for model 
compounds. That sort of approach characterises how chemistry is done. But 
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I don't necessarily think it characterises chemists. Because there are other 
ways of approaching but I think that one is the most common that is taught 
in courses to break things down and simplify and then move back up the scale 
having worked out what the model does, apply it back to a more complicated 
system. " 
(chemist No 26) 
4.2.4 Some Statements Concerning the Role of Models in Chemistry 
The previous extract highlights one academic's view on the approach to solving complex 
problems through modelling. The following extracts relate to views on modelling and 
chemists in particular. 
"I think chemists like to have things concrete. They like to see physical mod-
els. " 
(chemist. No 18) 
"Chemists tend to see in my book in terms of models and they like playing 
around with these things." 
(scientist No 29) 
"Biologists are becoming more orientated in that direction (symbols, equations, 
models), as they're taking more of an overview of their subject they're getting 
involved in ecological ideas and cycles and lord knows what. There's a lot 
more diagrammatic representation of the ideas they're trying to put acrou. 
So maybe this is something to do with the complexity of idea, complexit.y of 
concept if you like." 
( scientist No 29) 
The final two extracts relate perceptions of a good chemist with model appreciation. 
"Seeing beyond the immediate task is another good thing" ...... "To see further 
ramifications. When YO'll. 're looking at a ball and stick model, for this is a way 
of representing something which could also be represented by a space filling 
98 
model or a PEEL model and to think of the other aspects" ...... "Well I think 
the earlier it comes the better and [ suppose that means if you're showing 
those characteristics at an earlier stage you're going to be recognised as a good 
chemist at an earlier stage than later. " 
(chemist No 18) 
"[ think it (being good at chemistry) is to do with this business of modelling 
or enjoying fiddling around with equations which i.9 in fact an abstract level of 
the same thing." 
(chemist No 56) 
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4.3 FINDINGS 
There was a reasonable consensus of opinion expressed by the interviewees on the essential 
skills thought necessary for each type of chemist. These are summarised in table 4.2 
where the column headings relate to the major categories of chemist suggested by the 
participants, and the entries within each column are those subgroupings of skills or 
attributes presented in table 4.1. 
A-Ievel/ Research Student Researcher Team leader Teacher : Routine 
undergraduate technical 
qualification I 
CI CI, C2, C3 C5( CI-C4 ) C5( CI·C4 ) CI, C2, C3 
ChI, Ch2, Ch3 Ch4, Ch2 Ch4, Ch5 Ch4, Ch3 Ch2 
B2 P Ch2 P 
Table 4.2 Essential Skills 
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4.3.1 Profiles of Good Chemists 
Figure 4.1 is a two dimensional grid with the vertical axis displaying degree of mental 
or conceptual skills held, and the horizontal axis that of the practical skills. The regions 
within the grid show the combinations of conceptual and practical skills considered rel-
evant to selected types of chemist by their occupations. For example, it was considered 
necessary for a researcher early in a career to have a high degree of practical skills and 
also conceptual skills. 
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4.3.2 Progression Through a Career in Chemical Research 
Statements in 'profiles of chemists' and data in table 4.2 highlight the differences in the 
essential skills of a Ph.D student and a team leadt'r. Practical skills are more necessary 
in the early stages of a career. In the later stages the technical work is likely to be 
carried out by someone else. Shnilarly conceptual abilities become more important later 
in a career when the major part of a chemist's work is the rt'sponsibilit.y for initiating, 
developing and organising large research projects. 
These progressions are summarised in figure 4.2 indicating an increase in conceptual 
skills and! or a decrease in practical skills throughout a career in chemical research . 
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4.4 DISCUSSION OF FINDINGS 
The skills surrunarised in table 4.2, "essential skills" , refer to those considered absolutely 
necessary for success by each type of chemist. Additional skills may be desirable or useful 
but have not been included in this table. 
To follow a chemical career, a qualification is usually necessary, such as A-level and 
possibly a B.Sc degree or equivalent, although it is possible to enter a technical occupation 
directly without formal qualifications. 
The skills considered essential by the scientists interviewed for either obtaining the sci-
entific qualifications are B2 - mathematical ability and basic intelligence, and Cl - the 
ability to classify, organise data, select relevant observations and to compartmentalise. 
Other skills such as those in Bl, having a good memory, and a broad scientific knowledge 
are helpful but are not essential. Again, it is possible to gain the necessary qualifications 
without the higher conceptual skills, such as the ability to make new connections or to 
switch models, desirable though these may be. 
A distinction was made between the qualities of a good research student and those of a 
good researcher. Many emphasised that to be a successful research student, the qualities 
such as perseverence, stamina, determination(Chl), and enthusiasm and inquisitiveness 
(Ch3) are essential. In addition, the lower order conceptual skills (Cl, C2, C3) are needed 
and it is usually important for a research student to be competent practically. This is 
surrunarised by one of the participants in the statement: 
"You have to be your own technician" 
(scientist No 28) 
The good researcher requires possession of the higher cognitive skills C5. If the sub-
groups C1 to C5 are in a hierarchical order with C5 at the highest conceptual level, 
then this implies possession of the skHls C1 to C4 also. The highest conceptual skills are 
obviously nescessary including the ability to relate diverse facts, make new connections, 
switch models, and link micro and macro aspects. ThE' other essential quality which dis-
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tinguishes the researcher from the Ph.D student is that of character Ch4. Cooperation 
with team members comes into play where coordinating others becomes more relevant. 
That a Ph.D student can successfully complete a Ph.D. with mainly routine work was 
commented on under 'profiles of chemists'. 
The additional quality considered necessary for a successful team leader over and above 
the researcher is Ch5, the personal qualities of ruthlessness and the ability to drive others. 
For a successful chemistry teacher the character attributes Ch3 and Ch4 are essential in 
addition to the lower conceptual skills. These may be concerned with science education 
in addition to chemistry. 
For routine technical occupations, (a large category which merges with aspects of re-
search) the practical skills are considered essential. Also those personal attributes such 
as attention to detail and skills of being methodical (Ch2) are requried. 
The previous sections have concentrated on the eSl!ential skills required for success in 
each of the chemical areas. Particularly in the research areas (Ph.D. student, researcher, 
- academic or industrial, team leader), the good chemist as opposed to the satisfa_ctory 
chemist possesses more than just the essential skills in each category. 
The relationship of this study to literature findings is discussed in chapter 8. 
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Chapter 5 
THE MAIN STUDY 
5.1 AIMS AND STRUCTURE 
The main study involved videorecorded semistructured workshop interviews with forty 
five chemistry students from polytechnics, colleges of education and universities, as de-
scribed in chapter 3. Although the sessions were open ended and flexible in nature, they 
usually followed the same general format. Before recording began, a preliminary discus-
sion took place with the aim of putting the student at ease. This started with an informal 
look at the models and materials available and a discussion of those which were familiar 
and unfamiliar to the student. Then there was a brief look at the recording equipment, 
if any interest was shown by the student. The form of the interview was outlined so that 
the student would be aware of the broad areas to be explored and so be less anxious in 
having to cope with totally new themes. At the same time each participant was informed 
that the length of the session was under his or her own control, and permission was asked 
to use data for research purposes. 
The recorded part of each session began with a semistructured interview to explore 
the student's familiarity with the model types, his or her purposes in using models, 
understanding of models, and the relationships between model types. After the general 
discussion on models and modelling, the student was provided with an Allyn and Bacon 
(Molymod) ball and stick model shown in figure 5.3 and asked how he or she would 
explain what it was to a first or st!cond year undergraduate. Finally each participant was 
asked to use any of the availabll' materials in any combination to make a model which 
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was closest to the way he or she perceived molecules of methane, chlorometha.ne a.nd 
chloroethene. During the semistructured interviews the participants were asked some or 
all of the specific questions listed below. 
• Q 1. What is your purpose in using models? 
• Q2. In what areas of chemistry would you use models especially? 
• Q3. In what areas of chemistry would you not use models at all? and why? 
• Q4. Why do chemists use models? 
• Q5. How does a reaction mechanism or a chemical equation fit in with the topic of 
models? Or does it not fit in? 
• Q6. How would you explain what this is (an Allyn and Bacon "open" type model 
representing chloroethanoic acid) to a first year undergraduate? 
• Q7. How will you use models in teaching chemistry? 
• Q8. Did your chemistry teacher at school use models? How and for what purpose? 
• Q9. What is a model in science? 
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5.2 DATA AND RESULTS 
The data and results presented for analysis in this chapter are divided into several sec-
tions. The headings with their associated section numbers are sununarised below for 
easy reference. 
5.2.1 The situation in schools and universities. Students' familiarity with chemical struc-
ture models 
5.2.1.1 model types 
5.2.1.2 colour convention 
5.2.1.3 space filling models. 
5.2.2 Teachers' use of models. 
5.2.4 Appreciation of the scope and limitations of models and modelling. 
5.2.5 Appreciation of the nature of models. 
5.2.6 Understanding of chemical concepts through models. 
5.2.7 Performance in the workshop interviews. 
5.2.1 The Situation in Schools and Universities 
The majority of the forty five chemistry students ("main sample" chemists) provided 
information about their experience of, and familiarity with chemical structure models at 
school and at university under three headings: 
• familiarity with different model types 
• familiarity with colour convention 
• understanding of space filling models 
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In addition, information concerning familiarity with different model types used at school, 
was provided by ten chemistry students who did not take part in the later workshop 
interviews. These are referred to as the "school sample" of chemistry students, and 
tables 5.1, 5.2 and 5.3 include data from them recorded under the reference numbers 1 
to 10. 
5.2.1.1 Model Types 
Tables 5.1 and 5.2 relate to familiarity with chemical structure models in school chemistry. 
Actual 'hands-on' use of models by the pupil is shown in table 5.1 where an entry ("'), 
is for a particular pupil having experience of a particular type of model. Table 5.2 shows 
familiarity with model types through demonstration by the teacher rather than actual 
use by the students. 
108 
~ 
o 
CO 
GRIFFI N 
MI NIT / ORB I T 
FRA MEWO RK M. M. 
CATALI N/M RK 
ALLY N & BACO N 
FIES ER/ DREI DI NG 
PEEL 
POLYSTY RENE BALLS 
-< N M 
'<1' Ll') 
<0 
-
-' ; 
- r 
N .. 
M 
I 
~ I 
-
~ 
I Ll') 
I 
-
l 
<0 I 
r-
t-
00 
table 5 . 1 
REF ERENCE NUMBER OF CHEMIST 
1- 00 0> 0 r- 00 ON r- 00 0> 0 ~ I ~ M '<1' r- 00 0> 0 ,...., N M "'1' Ll') <0 1- 00 0> o -c N M ~ Ll') 1 
-
Ll') LI".> 
<0 <0 <0 <0 <0 r- 1- r- 1- r- 1- 00 00 00 00 00 00 00 00 00 00 0> 0> 0> 0> 0> 0> 
.. I I ... 
.... I ~ I I 
-:- . 1 ~ - • I , + -r 
.. 
: I j , - i ~ 
I .. I . 
- -
~ 
-
~ t , t 
I 
I 
-
T j . - + I 
Fa mi li ar ity wi t h Mo d el Ty p e s : S c hool Sa mple,Hands on Use 
~ 
-->. 
o 
GRIFFIN 
MINIT/ORBIT 
FRAMEWORK M. M. 
CATALIN/MRK 
ALLYN & BACON 
FIESER/DREIDING 
PEEL 
POLYSTYRENE BALLS 
..... N M 
""'" 
to l~ 
-L ~ 
- I .... 
-r I-N 
' .. 
-l- i. -
M 
"" 
.. 
'" 
I 
to 
t- I .. .. 
00 
Table 5.2 
REFERENCE NUMBER OF CHEMIST 
, 
..... IN 00 0> 0 t- 00 ° IN t- 00 0> 0 M "" t- 00 0> 0 ..... N M "1' '" to I~ 00 0> o -; N M "" '" 
-
.n .n to ,to to to to t-~ t- t- t- t- l~ 00 00 00 00 00 00 00 00 00 ro C> 0> 0> 0> 0> 0> - 1-----;-- , I- -----I- - I- --.. 
-t i ' .. .. .... .. eIc of- of- ... of- .. .... - f- 1- -1 1-+- - ""i. t - +--
-1 .. .... .. Iof- .. .- T -1 , , -t --r-
I I of- ... I 
I I I I I .. ! I .. . 
I ! .. I 1 
I , 
1 I .. I 
, 
I 
I .. , , ef- .. ' 
I .. 'of- .. of .. of- I 1+ 
--
_.-
Familiarity with Model Types : School Sample, Demonstration 
Table 5.3 is a summary of daLa from tables 5.1 and 5.2. OIUIlIll S 2 alld 3 show th e llum· 
bers of students familiar with each model type by use and by d<'In!lllst rat iOIl I't's pect ively. 
The final colurrm indicates the percentage of Lhe forty one sLudrllts familiar wit h ('ac h 
model t.ype either by use or by demonstration . 
Model type Model Model Total No . of % 
used(U) demostrated(D) T = U or D stud nts T I N 
1. Griffin 4 17 17 41 41 
2. Minit lorbit 1 7 7 4 1 J7 
3. Framework 
molecular models 0 2 2 <I J 5 
4. Catalin/MRK 1 3 3 4 1 7 
5 . Allyn and Bacon 
(Molymod) 1 1 1 41 2 
6. Fieser / Dreiding 0 1 1 41 2 
7. PEEL 0 5 5 41 12 
8. Polystyrene balls 0 7 7 'I J J 7 
Table 5.3 Familiarity with Model Types:Sehool Sample ,Summary 
Twenty one students (ie 58%) were familiar with at 1 ast ne type of eh mical struct.ur<' 
model. The information relating to the forty fiv ell mists taking part in the main st.udy 
shows a similar pattern to that from the "school sample" of chemists . ; arh chemist was 
questioned about his or her familiarity with th various mod 1 typ s under four h adings: 
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1. Use at school. 
2. Demonstration at school. 
3. Use at university. 
4. Demonstration at university. 
The results from these show that model familiarity at university has increased over that 
at school, but not to an appreciable extent. (Only 12 of the 45 c11E'mist.ry students 
remembered using models themselves at university). The main exposure at both levels 
is that through demonstration rather than "hands on" use. 
Table 5.4 is a summary of results from the main sample and shows each chemist's expo-
sure to models by model type. The exposure may be through use or through demonstra-
tion, either at school or at university. Responses under the four separate headings have 
not been presented in this report. 
The overall picture to be seen from this is the popularity of the various model types. 
The two most familiar types are the Griffin ball and stick (1) and the minit or the orbit 
systems (2). (It should be noted that the use offramework molecular models (3) by seVen 
of the eleven chemists was mainly for symmetry problems rather than an appreciation of 
the full extent of their use in illustrating covalent and Van der Waals' radii and accurate 
bond distances. For this reason these entries could be included with modE'1 types (1), (2) 
or (5». 
5.2.1.2 Colour Convention 
Table 5.5 surveys each chemistry student's appreciation of the colour convention used 
with model representation. Each person was handed an Allyn and Bacon molecular model 
(figure 5.3) representing chloroethanoic acid. Familiarity with the colour c.onvention was 
questioned during the discussion centering around the model. (No data was obtained for 
chemists 51-55,57,58, resulting in gaps in the table). 
Transcripts were analysed and responses allocated to one of three categories. Famil-
iar: convention taught; Unfamiliar: convention dedured; and Unfamiliar: convention 
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not deduced. Table 5.5 shows this grouping where a symbol in the column of the grid 
corresponding to a particular participant indicates their familiarity with the colour con-
vention. 
Familiar: convention taught. 
Here the chemist was familiar with a colour convention and had been specifically taught 
this at school or at university. The structure of the molecule was inunediately recognised 
through the colours of the balls representing the different atoms. 
"How would you explain what that is to fint year student or say a sixth form 
pupil'!" 
"Firstly, I'd say what the different colours represent." 
"OK, go ahead then." 
"Black's carbon, red's oxygen, white's hydrogen and green is a halogen, a halide 
of some sort. " 
"Why do you say that'!" 
"That's the way it's always been taught. Black's always carbon.... Do you 
want me to say what it is'!" 
(chemist No. 90) 
Unfamiliar: convention deduced. 
Here the chemist had not been specifically taught the colour convention but wa.s able 
to deduce what each colour represented by considering the structure and bonding in the 
model, i.e. by identifying two spokes as a double bond to oxygen. 
"Well, yes, that's a double bond so that's probably, that's almost certainly going 
to be an oxygen, I would say and that must be an oxygen atom, therefore that 
must be, not necessarily, but most probably, it's a common example, a hydrogen 
atom, therefore these are two hydrogen atoms and at a guess chlorine. " 
(chemist No. 93) 
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Unfamiliar: convention not deduced. 
Here the chemist had not been taught the colour convention, nor was able or attempted 
to deduce one from structure or bonding. 
"Well carbon's black, oxygen's white. Don't know what red and green are at 
all. We didn't do the colours. I only remember carbon and oxygen." 
(chemist No. 91) 
5.2.1.3 Space Filling Models 
The initial survey of familiarity with the different model types revealed that space filling 
models were relatively unknown. The later workshop interview showed the extent of 
understanding of space filling models. In general, chemists who had been exposed to space 
filling models were aware that different size spheres represented different sizes of atoms, 
but few were aware of their use in indicating covalent bond distance. Understanding 
of space filling models is summarised in table 5.6. For each chemist an entry refers to 
familiarity with (1) the space filling model system (mostly through demonstration) and 
(2) a complete understanding of the system. The symbol () refers to familiarity or to 
understanding, while the symbol" refers to unfamiliarity or to lack of understanding. 
The table shows that complete familiarity and understanding of the model system occurs 
with very few chemists, and those mainly in the postgraduate Ph.D group, for example, 
chemists 71, 81, 56, 67 and 87. The majority of participants either have had no experience 
of space filling models and so did not understand the model system, or have been exposed 
to space filling models but did not appreciate their full use. 
5.2.2 Teachers' Uses of Models 
5.2.1 includes data obtained by chemistry students concerning their familiarity with 
chemical structure models from schools and universities. Data is not available on the 
frequency, actual model use and purposes by the teachers of these students. However 
information from a small sample of chemistry teachers is report.ed in order to consider 
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the problem from the teachers' perspective and to check for consistency with students' 
perceptions. Three data sources have been used in obtaining this information. (1'(A bl.t. ~.7), 
1. Denicola (1985) and private communications. 
2. Interview transcripts from main and follow up studies ofPGCE students in teaching 
practice schools. 
3. Additional conversa.tions with practising teachers. 
5.2.2.1 Findings 
PGCE students report that Griffin ball and spring models were the only onE'S available 
in their teaching practice schools A, Band C. In schools A and B, students observing 
practising teachers said that models were rarely used, and in school C: 
"They got them out of the cupboard. They blowed the dust off them. They said 
'well no one's used them for three years, there you are' ". 
(chemist No. 95) 
Model use by teacher 6 is moderate. In addition to the standard types, he provided home 
made models, tapes and video demonstrations. He felt that it was very time consuming 
to make and use models with a class. 
"J would use models more if J was a little less lazy. " 
(chemist No. 56) 
The five teachers observed by Denicolo varied considerably. At one extremE', two teachers 
made no use at all of chemical structure models (during the period of obervation). At 
the other, teacher 2 used models very frequently and spanned a wide range of model 
types. However all these lessons were teacher directed and involved demonstrations by 
the teacher. A student of teacher 2, in commenting on his teacher's lessons refers to the 
use of models and quick demonstrations: 
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"/ think it keeps your interest in the lesson - but / also think what a good idea 
it would be to actually have a go at making th.e models. " 
A summary of these findings is given in table 5.7 
Teacher Summary of Model use Data source 
1 Very limited use of models. Cla.ss 
use of Griffin for hydrocarbon Denicolo 
chains 
2 Very wide use of models, Griffin, 
PEEL, space filling,made up Denicolo 
framework. All demonstrated. No 
class use 
3 Limited use. Made up model of 
unit cell handed round class Denicolo 
4 No chemical structure models used Denicolo 
5 No chemical structure models used Denicolo 
6 Moderate model use. Griffin class 
use for water. Griffin class use Teacher interview 
of allotropes of sulphur and sodium 
chloride structure 
School Griffiu models the only ones a.vailable PGCE interview 
A&B in the school transcripts 
C Griffin models available, but had not PGCE interview 
been used for 3 years transcripts 
D Griffin models available and used by 
selected class. Crystal structure TeachE'r interviE'w 
models demonstrated 
Table 5.7 Teachers' Use of Models:Summary 
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5.2.3 The Situation in Schools and Universities: Discussion of Find-
ings 
Tables 5.1 and 5.2 show that expt'rienct' with chemical structure modE-Is at tIl(' school 
level is limited. Only six of the fort.y one st.udent.s remembered having used models 
themselves in chemistry lessons at 0 or A level. When questioned about. demonst.ration 
of models, about half of the students said models had been demonstrated by the teacher. 
Table 5.3 shows that the most frequently encountered type is the open, Griffin ball and 
stick, familiar to 41 % of the sample. The next most familiar is the framework millit or 
orbit type. Apart from the use of polystyrene balls to illustrate ionic lattices and aspects 
of crystallography, chemical structure models are restricted mainly to structural organic 
chemistry teaching. 
Table 5.5 refers to familiarity with the Institute of physics colour convention for use with 
models. Only nine of the chemistry studt'nts remembered being specifically taught a 
colour convention (at school or university). The majority when prt'st'nted with a dlt'mica! 
structure model were able to dt'duce a convt'ntion and henct' assign the structure by 
recognising certain structural features. For example, two spokes rt'presentillg a double 
bond, or tht' tetrahedral orientation of the holes in the black ball. 
There may be a variety of reasons for a convention not being taught. At school, one 
possibility is the availability of the materials. A teacher may use an unsuitable coloured 
ball to represent a particular atom jf that js the only one available. At university, one 
possibility is the assumption that the studt'nts have already been taught the convention 
at school and that it is unnecessary to repeat it. Another possibility is tht' use of models 
for synunetry teaching when a specific colour convention is rt'latively unimportant. 
There seems to be no pattt'rn of familiarity with colour convention emt'rging across the 
spectrum of chemists. However it is disturbing to note that thrt'(' of th(' t'leven t'xperienct' 
It'vel 3 chemists (those followinF: a ont'-yt'ar t.t'acht'r training course) wt're not familiar 
with the colour convention, nor were they able to deduce one correctly from structural 
considerations. 
This picture presented here can only be a broad indication of the situation in schools. It 
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was not possible to assess between the "quality" of model presentation. At one extreme 
some teachers may have used models frequently and effectively as an integral part of 
their teaching. At the other, a model may have been used infrequently and to little 
purpose. Any mention by a chemist of model demonstration or use has been included 
in this survey. The findings from the survey of teachers and schools may suggest that 
models are used in schools more frequently than remembered and reported by students. 
However the general patterns emerging from the two studies are not inconsistent and 
include the following observations: 
• That the Griffin ball and spring models are the type most commonly found in 
schools. 
• That other model types are not often found. 
• A wide variation in frequency of model use by teachers. 
• Demonstration rather than 'hands-on' use of models. 
5.2.4 Appreciation of the Scope and Limitations of Models and Mod-
elling 
Each chemistry student's appreciation of the scope and limitations of models and mod-
elling was explored directly and indirectly t.hroughout t.he int.erviews. Discussion centred 
around such questions as: 
"Why do you use models?" 
"What is your purpose in using models?" 
"Why do chemists use models?" 
"What does model mean, in science?" 
In analysing the transcripts the variety and type of responses were recorded. (See ap-
pendix 2). This reflects not necessarily the way a chemist makes use of models but the 
extent to which he or she appredates how they may be used. The responses have beE'n 
divided into two main types: purposes primarily relatt'd t.o self and purposE's primarily 
related to ot.hers. It should not be assumed that. hpcl\usP a dll'mist. did not. ment.ion a 
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particular aspect of modelling that he or she was not aware of it. However this is difficult 
to address and so the analysis provides a qualitative picture rather than a quantitative 
one. 
5.2.4.1 Those Primarily Related to Self 
The individual responses from the transcripts (appendix 2) were gro1lppd into the twelvp 
categories shown in table 5.8 and the responses for each chemist displayed in table 5.9. 
The categories 1 to 12 vary not only along the concrete - abstract dimension, but also 
the static - dynamic dimension. For example, a response, allocated to category 1 is 
that of appreciation of a static self-consistent model where the chemist is operating at 
a concrete level. A response in category 6 now moves away from the concrete towards 
the abstract by relating to an abstract theory. However, the level is still that of a static 
dimension where the theory is unchanging and the model is used to explain or justify 
it. III contrast, a response allocated to category 12 is concerned with both abstract and 
dynamic dimensions. The model is used as a link between the macro and the micro levels, 
explaining observational data in terms of atomic or molecular principlps, modifying or 
changing the model. 
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Individual Category Framework or level 
: Responses 
) 1. Visualise in 3D 
) 2.Demonstrate a 
reaction or A. Working with the 
~ process self consistent 
model system 
) as reality 
3. Design molecules 
> 4. Memory or learn-
) ing aid 
~ 5. Simplify a struc-
ture or system 
~ 6. Explain theory 
;> 7. Build a frame- B. Using the model 
work in the mind . to explain or 
> justify a static 
unchanging theory 
;> 8. Understand a 
concept 
) 9. Represent the 
invisible 
> 10. Link observations C. U sing the changing 
~ and explanations model as a 
link between the 
macro and micro 
> 11. Explain or predict level 
experimental 
) behaviour 
) 12. Changing model 
Table 5.8 Appreciation of Model Purposes: Related to Self 
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The most common appreciation of scope of model use is that of using the model to help 
visualise in 3D. For example, to look at the relationship between the section of the model 
and helping in solving stereochemical problems. Other responses at this concrete-static 
level are less frequent. Responses at the lat.ter two levels are less frequent than at level 
A. That at level C is almost solely confined to the two postgraduate chemist groups. 
Table 5.9 records responses separately from females (eft) and males (<». This indicates 
awareness of the more abstract - dynamic uses of models (level C) by males rather than 
females. Even with the limited data presented here it seems that a greatf'r number and 
variety of responses comes from the postgraduate groups (especially males) and that 
there appears to be little or no difference in variety and number of responses between 
levels 1 and 2 (undergraduate) chemists. If several similar responses are identified they 
have been recorded only once for a particular category. Analysing the data in this way 
may not give a clear indication of the breadth of awareness of a chemist. 
An alternative method has been used to complement the former. This procedure is 
to total each similar but different response, irrespective of category. In adopting this 
procedure, information relating to category differences is lost. It was not possible to 
allocate a small number of responses by using either method and hence some felevant 
information may have been overlooked. The information is presented in table 5.10 where 
the total numbers of responses are recorded according to experience level of chenUst 
and to gender. Within each cell of table 5.10, the figures refer to the total number of 
responses per group, the number of participants in the group, and the mean number of 
responses per participant. For example, in the top left hand cell the mean number of 
responses (4.4) is derived from a total of 22 responses from 5 female experience level 1 
chemistry students. 
124 
~ 
RESPONSE CATEGORY 
Visualise in 3D 
2 Demonstrate a reactio 
or process 
3 De si gn molecules 
4 Me mory or learning 
aid 
~ 5 Simplify a structure 
(Jl or sys te rn 
6. Explain theory 
7 . Build a fra mework 
in the mind 
8 . Und erstand a concept 
9 . Represent the 
invisible 
lO . Link observations & 
explanations 
11 . Explain or predict 
experimental behav. 
12. Changing model 
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Appreciation of model purposes related to self : Responses 
1 I 2 3 4 total 
; 
- --_ .. __ .----
- ---.- ---
Females 
i l:R/N 22/5=4.4 , 19/7=2.7 39/7=5.5 19/4=4.75 99/23=4.3 
I 
Males 
i 
l:R/N 14/4=3.5 i 29/8==3.6 37/4=9.25 64/6==10.7 144/22=6.5 
I 
Total 36/9=4.0 48/15=3.2 76/11=6.9 83/10=8.3 243/45==:5.4 
I 
l: R = total number of responses per cell N = number in cell 
Table 5.10 Appreciation of Model Purposes:Total Responses 
By examining the data in table 5.10, it can be seen that the mean number of different 
responses for males in experience levels 3 and 4 is appreciably higher than those of any 
other groups. A statistical analysis of the data using a X2 test suggests that the number 
of responses is not independent of gender or experience level of the chemist. This result 
appears to be consistent with and complementary to the analysis from table 5.9 i.e. a 
greater breadth of appreciation of the scope of models with experience levels 3 and 4 and 
especially with males in those two groups. 
StatisticalAnllly~is_ of Data from Table 5.10 
Table 5.10 shows the total number of responses from the forty five chemistry students 
to be 243 with the mean number of responses as 243/45 = 5.4 The expected number of 
responses for each cell was calculated on the basis of there being no association between 
gender and level of chemist. For example, for the five female chemists, in level 1, the 
expected total number of responses = 5.4 * 5 = 27, and for the six male chemists, in level 
4, the expected number of responses = 5.4 >I< 6 = 32.4. These expected total numbers 
125 
of responses are summarised in table 5.11 in which entries are made according to expe-
rience level and gender of chemist. 
Level 
1 2 3 4 Total 
F 27.0 37.8 I 37.8 21.6 ! 124.2 
Gender 
M 21.6 43.2 21.6 32.4 : 118.8 
i Total 48.6 81.0 59.4 54.0 ! 243.0 
.. --_. ,-.--- .. --~ 
-
Table 5.11 Expected Numbers of Responses per Group 
Null Hypothesis: 
1. there is no difference between level of chemist and number of responses, 
2. there is no difference between gender and number of responses. 
Any observed differences occur purely by chance. 
For Gender Differences, X2( calculated) = 10.458 
X(V=l)(O.OOl) = 10.828 
For Experience Level Differences, X2( calculated) = 36.92 
X(V=3)(O.OOl) = 16.266 
For Gender by Experience Level Differences, X 2(calculated) = 59.768 
X~V=3)(O.OOl) = 16.266 
The probabilities of obtaining X2 values as big or bigger than those calculated purely 
by chance is extremely small. ie. less than 0.1 % in each case. These are said to be 
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significant at the 0.1 % level and so the null hypotheses are rejected. 
5.2.4.2 Those Purposes Primari1y Related to Others 
Individual responses from the interview transcripts were grouped into the six categories 
shown in table 5.12. 
Individual 
Response Category Focus 
I 
) To explain, demonstrate, A 
) illustrate an idea using a model ( given) 
, Self 
7 Focus 
To represent data, producing B 
~ a model by manipulation or 
transformation in order to 
~ explain more effectively 
~ To test understanding C 
Two way 
) exchange 
To communicate: concise D 
) common ground for chemists 
---- ---
---- -+--.- -- .. 
) Fun and interesting E 
Focus on ) other person 
Children ( or others ) using :F ) models 
Table 5.12 Appreciation of Model Uses: Related to Others 
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RESPONSE CATEGORY 
To explain an idea 
using a model 
Produce model by trans -
formation,to rep. data 
~ To test understanding 
UD 
To communicate:concise 
common ground for Chem. 
Fun a n d interesting 
Children (o r others ) 
using models 
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Appreciation of Model Purposes Related to Others:Responses 
With the first two categories, although others are important, the focus of the activity 
is with self, for example to explain, demonstrate or illustrate an idea to another person 
using a model. With the last two categories, E and F, the focus of the activity is with the 
other person, and the relevance of the model to that other person is of major importance. 
For the remaining two categories, C and D, the focus of activity is on a two way exchange. 
For example, the use of models as a concise common ground for chemists to communicate 
with each other. 
Appreciation of the relevance of models in this area (primarily related to others) was 
markedly less than when primarily related to self, as can be seen from the relatively 
small number of entries for each chemist in table 5.13. The amount of data here is so 
small that it is not feasible to carry out a statistical analysis. 
Table 5.14 shows the total number of responses grouped according to focus and to expe-
rience level of chemist. 
Experience Level of Chemist 
1 2 3 4 Total 
Self focus 2 9 5 16 
2-way 
I interchange 2 1 2 5 
Focus on 
I other person 1 5 2 8 
.1-
Total 2 3 15 9 29 
Table 5.14 Appreciation of Model Purposes Related to Others:Total Responses 
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Tables 5.13 and 5.14 indicate that the major contribution comes from chemists of expe-
rience levels 3 and 4, with over 50% from level 3 (graduate chemists following a one year 
teacher training in secondary level chemistry). 
5.2.5 Appreciation of the Nature of Model 
Analysis of the previous section gives an overall indication of each chemist's appreciation 
of the nature of model and modelling. The reponses to such questions as "what does 
model mean, in science?" or "what do you understand by the word model, generally?" 
may be in the form of a 'definition' rather than a personal or genuine understanding. 
This aspect was explored further in the discussion of models, chemical equations and 
reaction mechanisms. Each chemist was shown a board reproduced in figure 5.1. 
The series of questions and the discussion that followed were intended to see the chemist's 
connection between equations and mechanisms and how these related to perceptions of 
model. In the majority of the interviews each participant was asked the following four 
questions: 
• How would you describe what the bottom line is in general terms? Not the chemical 
detail. 
• How would you describe what the top line is, in general terms? Not the chemical 
detail. 
• How do the two relate to each other? 
• Do either of these two, the equation or the mechanism, fit in with what you were 
saying about models, or are they completely separate? 
Responses to the last question were compared with responses to questions about the 
general meaning of model in science discussed in 5.2.4. 
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C ) /" I' H H Cl 
NaOH + CH3 CI 
H CI 
I 
----1 H()-C /' H H 
FIGURE 5.1 THE ALKYL HALIDE--- SODIUM HYDROXIDE REACTION 
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5.2.5.1 Possible Relationships b e tween Mode ls , Mechanisms and Equations 
A preliminary analys is of the interview transcripts suggested six major perceptions of the 
model - mechanism - equation relationship . These are described in the Venn diagrams 
(figure 5.2) 
m =lreact inn mechani sms~ 
a 
A chemist whose appreciation of mudel is 
mode 
that of a 3D representation or object. 
( ) ) The mechanism is consider d a model as it 
is a perspective drawing with 3D features . 
For t.hi s reason , the equ ation is not a model. 
A chemist whose apprec iation of model is that 
model 
of a 3D representat ion or object. The 
mechanism is not consid red three dimensi onal 
and is a particular typ e of equati on. 
A chemist whose appreciation of mnd 1 is that 
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c 
mod~ 
d 
e 
mo~~ 
"~) 
) 
) 
) 
mod 
of a 3D representation or object . Mechani sm 
is not considered three dimensioll a l.H giv(,s 
more informati on than the equation. 
A chemist whose appreciation of model is that 
of a 3D representation or object . Mechanism 
is not considered three dimensional and no 
par ticular connection seen wit.h lh e equati on . 
A chemist whose appreciation of model is 
as a means of describing a process.EqualiollS 
and mecha ni sms are models as t.hey a re 
different ways of desc ribing a prncess. 
A chemist wh ose a pprec iat ion nf model is th at 
of an un cert a in , unp rove ll WAy of describin g 
ex perim nt aJ evidence .An eq ua ti on is nnt. seen 
as a model as it is a sta tement of fac t . 
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f 
A (hemjst whose appreci at ioll of IIlOdel IS as 
model 
--- all abstract. means llf representing t.he real or Ie the observed thing . Both equa ti ll lls and 
m echanisms are see as m odels as th e symb ols 
represellt. t.he real chemjclll. 
Figure 5.2 P ossible Relati ons between Models , 11echanisms and Equatiull s 
5.2.5.2 Results 
The categories a to f described in figure 5.2 can be considered on the concrete - abstract 
and the static- dynamic dimensi ons with a , b , and c representing concrete and static 
appreciations of the m odel-mechanism-equation relationship . For category d , t.he model 
is seen as a way of describing a process and so is concerned with d.vn ami c aspects. 
Categori es e and f are concerned with more abstract perspec t.i yes . Table 5. 15 summ arises 
this information . 
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Category Dimension 
'. ) Concrete/ :1,b2 Static 
d Abstract/ 
e Dynamic 
f 
Table 5.15 Models, Mechanisms and Equations 
Each chemist '8 responses to the questions above were analysed and allocated as far as 
possible to one or more categories a to f. The data is shown in table 5.16. Consistency 
with this perception of model was compared to the understanding of model or modelling 
discussed previously by the chemist. A brief summary of these perceptions of model for 
each chemist is given in table 5.18 where comparisons may be made. 
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E xp eri en ce Level 1 
Chemist ReLNo. Category 
86 a 
60 
63 
88 
91 
85 
61 
62 
90 
b2 
r 
b2 
a 
a 
d 
b2 
cl 
E xp erien ce Level 2 
Ch emi st ReLNo . Category 
84 a 
52 
59 
66 
68 
69 
70 
75 
76 
77 
78 
83 
51 
53 
54 
b 
a 
d,r 
a 
c 
d 
c 
a 
c 
c 
d 
Experi ence Level 3 
C hemist Rd . No . 'a t egnry 
58 d 
72 b 
73 
92 
94 
95 
55 
57 
b 
b 2 
b2 
a 
c 
b 
f 
71 e,r 
93 d ,r 
Experien ce Level 4 
Chemi st Ref. No. C~eg(lr.v _ 
79 b2 
6,1 1>2 
82 
89 
81 
56 
65 
67 
80 
87 
c 
c,d 
r 
a,d 
b2 
Table 5. 16 Models, Mechani sm s and E qua ti ons: Res ponses 
T h e m ore a bstract and dynami c categori es eI , e and r a re by no means confiu f'd to the 
pos tgradua te chemi stry students, ( xp eriell ce levels 3 and 4) , bu t som e m al s in t h ese 
two categori es appear to operate nn these dimensioIl s. T hese pa tt e rn s a re Ctl ll sist ent wit h 
th e gener a l pi cture em erging in 5.2.4. T he da t a rela ting to t he indi vidu a l eh mi st s shown 
in ta.ble 5. 16 are g rouped and presented ill tabl e 5 .17 where a n ntry ill the grid rerf' rs 
t o the t o t al numb er of respon ses for f'ac h catego ry and levf'1 o f exp ri enee. Por ('xampl f' , 
t hree of th e P GCE ch emi s ts (experienc I vel3) p rc ived t.he mo del-Ill eha lli sm -eqna tion 
relat ionship as described by the a bstract categllr y r. 
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Experience Category of Responses Total % 
Level of Chemists a b c d e f d,e ur r 
1 3 3 0 2 0 1 9 33% 
2 4 1 4 3 0 1 13 31 % 
3 1 5 1 2 1 3 13 46% 
4 1 3 2 2 2 1 11 45% 
Table 5.17 Models, Mechanisms and Equations :Distribution of Response Totals 
In the final column the percentage of the more dynamic or abstract responses is given 
for each experience level of chemist. The percentage category e1, e or f (regardless of 
experience level) = 18/ 46 = 39%. 
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Chemist Category Perception of model:Sununary of respons Illconsist llCles 
Ref. No. 
I 
86 a A three dimensional object . 
60 b2 A picture, arrangement or logical urd r 
of something. 
63 f A cunvenient means of expressing an idea, 
useful only for as long as it. works well. 
88 b2 A way of describing somet hing 
91 a A three dimensional model to demonstrate a 
.-t theory 
Q) 
:> 
Q) 85 To show the structure like a model plane. .-t a 
Q) 61 d A way of describing something concisely 
0 without the use of words. 
= Q) 
.... 
$.< 62 b2 A scaJe representation of something else. Q) 
~ 
Q) 
90 d A way of showing a process . 
.-
84 a A picture of what it is , that you can hold . 
c-:I 
59 b A changing hypoth esis used to match what 
1'"1 
Q) you observ in reality to what you 'v 
:> Q) propused . 
.-t 
Q) 66 a A model represents the shape of wh at the 
() 
molecule looks like , rather than giving 
= Q) 
T4 it symbols. $.< 
Q) 
~ 68 d&f One way of consider ing a mol cule is from Q) 
an atom and a bond. A theory is a model 
one p ossible way of fitting int the 
available experiment al data . 
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Q) 
o 
d 
Q) 
"" ~
Q) 
~ Q) 
Chemist 
Ref. no. 
69 
70 
75 
76 
78 
83 
53 
54 
Category 
a 
c 
d 
c 
a 
c 
d 
d 
- -
- -
, 
Perception of model: Surrunary of response In cons ist nCJ es 
Something that you can picture to illus-
trate a fact or a principle . Something 
you can see and relate to in physical 
terms rather than a formula or nam . 
A representation of something that's too 
small or you can't see. Making a model 
gives an idea how things fit together in 
a molecule. 
A model is almost anyth.ing that's used to 
explain somet hing else. 
A model is an aid to explanation . 
A scale up or down representation of 
what we expert the thing to look like. 
The best representation of what the #' 
theories show. 
A three dimensional picture of something 
.You 're trying to show. A model of a 
molecule is a large scale version of 
I 
something you can ' t see without a 
powerful microscop 
Physical models ar used to explain 
I 
theoretical models where we don 't kn ow I 
what's guing on with a cert a in idea. 
-
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.-I 
Q) 
> Q) 
.-I 
Q) 
C) 
= Q) 
'I"i 
J.t 
Q) 
~ Q) 
Chemist Category Perception of model:Surrunary of response 
Ref . No. 
58 d 
72 b 
73 bl 
Something that can be seen , for example 
a diagram, used to illustrate somet hin g. 
Making tlr constructing something and 
seeing how it fits together. 
A model is something to explain theory, 
to represent what you want to talk about 
but can't have there . 
- I -
In consistencies 
I 
74 b2 Making somet hing nut of different materials . 
92 
94 
95 
55 
57 
71 
93 
b2 A m odel helps to give a visual aid. You 
can pick them up and move then about. 
a A scale up or down picture of the real 
thing 
c A three dimensional object used to 
visualise something you can 't see but you 
think is t her . 
b A physi cal object used to illustrate some-
thing . You need a phys ical model t u show 
a reaction mechani sm . 
f A model is sometlung to build up a cone pt 
of an id ea, a pictur of why something 
happens. 
e & f 
f & d 
A representation of s lmething that's too 
small or you can't see . Making a m odel 
gives an idea how things fi t togeth r in 
a molecule. A theoret ical construct 
to explain something that can't be seen . 
The kin tic theory is a mod I where at m s 
are considered in t rms of sph re, a nd 
properti es of gases call be predi cted . 
A way of explaining what we see in all 
experiment . A modifiable r pr sentat iOIl 
of the micro in terms of thE' bservabl E' 
macro. 
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Chemist Category Perception of model:Summary of respollse 
Itef. No. 
79 b2 
64 b2 
82 c. 
89 c & d 
81 f 
65 e 
67 d&e 
80 b2 
87 e 
A three dimensional represent ation of 
something 
Something three dimensional , not a drawing , 
used to clarify structures. 
Something that mimics a bigger system 
Synthetics compounds similar in behaviour 
to natural compounds. 
U sed to explain something concisely like 
models of apparatus or industrial plants . 
One (of several) ways of working ou t a 
principle. To r late a theory to some-
thing in reality ancl to relate the 
reality of something t something more 
easily diges tible. 
A contrived example or representation 
of what you b lieve to be fact. Th 
result of transforming and simplifying 
a set of experimental data to explain 
that new data. 
A typ e of representation of a structure 
or a system or a process. A representa-
ti on of what we think is going on with 
particl es we cannot see . 
Something you define o r manipulat e to 
get as elllse as poss ible to th r al 
thing the obs rvati on in the lab . 
Table 5.18 Consistency in Model Perc ption 
1 Lr2 
In COllsis tencies 
5.2.5.3 Discussion 
The summary data in table 5.18 was examined mainly to highlight inconsistencies be-
tween the way the chemists discussed their understanding of the meaning of model or 
modelling in science generally, and the way it was perceived to be understood when 
considering the relationship of the chemical equation, and the reaction mechanism to 
models. 
The category of column 2 refers to that described in figure 5.2 and the "summary of 
response" (column 3) is that compiled (by me) from the individual transcripts to give a 
brief statement of the chemist's appreciation of the nature of model. 
There is not complete agreement between the two sets of data as they may both con-
tribute to a total picture or understanding of model and modelling. In the majority 
of cases there is consistency between a chemist's stated understanding of the nature of 
model with his or her understanding when applied to the later specific case. 
In general those chemists who appreciated models in one of the more concrete forms or 
explanations, also saw the equation, mechanism and model relationship as one of the 
concrete a, b or c categories. 
Similarly those appreciating a more abstract or dynamic understanding of models fall 
into the d, e or f categories of relationship. 
The following extracts from interview transcripts highlight these differences of approach. 
chemists 69 and 84 illustrate the former concrete appreciation, while chemist 93, the 
latter more abstract appreciation. 
Chemist 69 
"So far you've looked at the models we got here, three dimensional things (um). 
If I ask you a bit more generally, what do you think the word model means? 
What is a model?" 
"Um, something that you can picture to illustrate a fact or a principle (yes?), 
something that you can actually see and relate to physical terms rather than 
just a formula or name. Something you can look at and recognise. " 
"So a model to you would be something which is ...... ?" 
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"Something you can see, touch and look at. n 
"How do you see either of those two, the equation or the mechanism fitting 
into what you've been saying about models? or don't they?" 
"Um, well the bottom one you can't really relate in space to that 'cause it 
doesn't tell you anything about the shape of either of the atoms of the molecule 
but the top one it's sort of a three dimensional representation of it and you 
can see more clearly what's happening to the actual molecule itself, You could 
form a model of this one here and that." 
Chemist 84 
"If you weren't restricted to models of this type (three dimensional molecular) 
what about the word model itself, models in science or just models generally? 
What is a model? What does it mean to you?" 
"Well it's a picture of what it is that you can hold (yes) a smaller picture or 
a larger picture. n 
Chemist 93 
"What about a model itself, if you're not restricted to these kinds of models. 
About models in science. How would you explain what a model was?" 
"It's like a bird's eye view of something. It's like one particular viewpoint of 
something, a picture of something, like an artist would draw a sketch, some-
thing of a person from one particular angle, then you've got that as, if you 
like, a model of that person, but it may not be a complete picture of the real 
thing. " 
"How do these things fit in with that view?" 
"In a sense they .... the facts that we have about atoms and molecules and 
the way they behave, are I guess best described, best seen in terms of round 
spheres, with electrons going round the outside (um) and so these help to build 
up a picture in our minds, build up a mental image of what we suppose is to 
be like that, but in fact it could be completely different. But it's the best we 
can do." 
"Do you see either of those two fitting into anything you were saying about 
models? The mechanism or the equation? Do they relate to models at all?" 
"Yes, both of them do, especially this top one, because in the top one if you 
had a model you'd be able to show that the methyl chloride is tetrahedral. " 
"What about, say the mechanism itself as a model?" 
"Mm. Yes. Again that's, it's a thing of, you see, we have sodium hydroxide, 
methyl chloride and we can, we know we have those two chemicals, when we 
add them together under the right conditions at the end you get two different 
products and it's a way of describing how it came about (um) although that 
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may not be how it actually happens because it may happen in a different way, 
but it's the best way we can describe what we see ...... 
It (the equation) is a model because it's a picture that is not the actual chemical 
(um). It's a picture and in that sense it's a symbol representing, like I said, 
the drawing of somebody on one side. It's not the actual thing, and it's a way 
of representing what happens, so in that sense it's a model?" 
However in a very small number of cases, inconsistencies arise, such as indicated in table 
5.18 (*) with chemists 59, 83 and 73. 
From the early sections of each interview, they appeared to be operating on the more ab-
stract level of appreciation. When dealing with the more specific case the understanding 
of model seemed to be decidedly at the concrete level. 
Chemist 59 
"The next thing I'd like you to have a think about .... If I asked you a general 
question and said 'what do you think a model is ?' OK now you've been talking 
about these three dimensional models you make up, but if the question were 
general ...... " 
"A model is a theory you put forward, a hypothesis and you try to match what 
you observe in reality to what you've proposed, whether it fits in. You keep 
changing the model until if best fits what you observe." 
"How do you think for example, the three dimensional models, how does that 
fit in with your explanation or definition that you've just given?" 
"For example, tetrahedral structures, the fact that certain bond angles are ob-
served from physical methods, the fact that they're observed and they fit that 
model, that model is a good explanation for what is observed. " 
"How do you think that either of those (the equation or the mechanism) fits 
in with whatever you've been saying, or don't they?" 
"Well this is just a general formula of what's happening. It doesn't actually 
show you the three dimensional aspects which is the molecule becomes planar 
in order for the OH to attack from one side and CI to go from one side. From 
that you'd know there is a substitution going on but you can't say where the 
OH is attaching itself to, whereas if you actually draw this you'd know the OH 
is attacking from the left. So I suppose it would help to have models then you'd 
know what was happening. If you have a model of the CH3Cl, whereas you 
can't really say that from the top of your head. " 
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5.2.6 Understanding Chemical Concepts Through Models 
5.2.6.1 Survey of Concepts Considered Relevant 
A discussion of models may be used, not only to probe a chemist'8 appreciation of 
the nature, scope and limitations of the model system, but also their awareness and 
understanding of simple chemical concepts. (Concepts encountered in A - level, and/or 
first year university level courses.) 
Each chemist was handed a ball and stick type open type model ("Molymod by Allyn and 
Bacon) representing a molecule of chloroethanoic acid shown in the photograph (figure 
5.3). 
The model included the following features: 
Two black balls with four holes, tetrahedrally orientated. 
One green ball with one hole. 
Two red balls with two holes, tetrahedrally orientated. 
Three white balls with one hole - smaller than others 
coloured balls and 
plastic spokes joining the balls. 
Each participant was initially asked 
"How would you explain what this is to a first or second year undergraduate?" 
Followed by 
"How good a model do you think it is?" 
The chemist then spoke about the topic and discussed or emphasised whatever aspect 
he or she wished. 
Table 5.19 summarises reponses of the chemists (59 - 95) who were interviewed. An 
entry in this table refers to a concept the chemist considered relevant, 
14G 
Figure 5 . 3 Allyn and Bacon Model of Chloroethanoic 
Acid Molecule 
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regardless of whether it was correctly used or applied. This analysis is not intended to 
be a thorough assessment of understanding and concepts omitted here may be discussed 
or clarified later in the workshop/interviews. The selected case studies focus on this 
detail. The data may be used (tentatively) to suggest which chemical concepts were 
considered relevant across the spectrum of chemists. Each chemist may choose whether 
to comment on the fact that this is a model, and represents a molecule of chloroethanoic 
acid, that it is not the molecule itself. That coloured blobs represent t.he atoms and 
sticks the bonds. That it is limited in its use, and the choice of model is determined by 
the purpose. The chemist may comment on the suitability of this molecular model for a 
variety of purposes, for example to illustrate, explain, or understand such things as the 
spatial arrangements of atoms, conformational features, reaction mechanisms, bonding, 
or steric factors. Discussion centering around the model could highlight understanding of 
several chemical concepts. These could include atomic size. In the model, the atoms are 
represented, but size representation is very limited. The coloured balls are all same size 
and larger than white balls. Bond angles could also be considered. In the model, both 
black balls have tetrahedrally orientated holes and so the bond angles are inaccurate, 
especially that representing trigonal carbon (120°). Distortions also occur in the molecule 
due to steric and electronic factors. These are not represented in the model. All the sticks 
in the model are effectively the same length and so the different covalent bond lengths 
for CR, CC, CO single, CCI, OR, and CO double are not represented. Such concepts as 
bond polarity and orbitals are not represented, but the model does illustrate free rotation 
about C-C single bond and hence conformations. 
5.2.6.2 Summary of Findings 
The chemical concepts under consideration are those familiar to students who have fol-
lowed an A-level chemistry course. They are also encountered in first year degree courses 
as well as at subsequent stages. It should be possible for any of the students interviewed 
to discuss the model in terms of the chemical concepts relevant to them. 
Table 5.19 shows the distribution of responses by experience level of chemist and by 
chemical concept. By far the most frequent references are those of 
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• colour representation 
• atomic size 
• bond length 
• conformation and 
• bonding/orbitals. 
The relevance and suitability of the model for representing electronegativity and polar 
bonding character of the C-CI bond were not recognised by many chemists. Very few 
chemists discussed the uses of the model for specific purposes. Discussion of these topics 
came mainly from experience level 4 chemists. Apart from this feature, there appears 
to be little or no difference between the groups of chemists with respect to chemical 
concepts considered relevant. The selected case studies of the next section are used to 
present more detailed and useful information on the way individual chemists understand 
basic chemical concepts. 
5.2.7 Performance in the Workshop Interviews 
Previous sections have considered flexibility in appreciation of the nature of model. This 
section looks at chemists' performances in terms of the practical aspects of using the ma-
terials available. Initial impressions suggested that there was a wide difference between 
on the one hand, chemists who readily made use of a wide variety of models when dis-
cussing chemical concepts, and on ther other, those whose use of materials was limited. 
Each videorecorded workshop interview was carefully studied and each chemist '5 practi-
cal model use assessed and allocated to one of the four groups A, B, Cor D described 
below. 
• A. Very little model use 
• B. Some model use 
• C. Moderate model use 
• D. High model use 
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Colour representation 
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ft!f- females <>0 males 
Chemical concepts considered relevant 
Cherrilst 51 52 53 54 55 59 50 6 L 62 63 64 65 66 
Ref. No. 
Model Use 
Category C D B D DAD A D 
Cherrilst 67 69 70 71 72 73 74 75 76 77 78 79 80 
R ef. No. 
Model Use 
Category B A CDC A ADD B D 
Cherrilst 81 85 86 87 88 9 90 91 92 93 94 95 
Ref. No 
Mod I Use 
Category B B B A B D 
Tabl e 5.20 Pra t ical Model Us 
Table 5.20 shows the practical model use groupin g ror ach eh nti tr.v stud Ilt pa rtici -
pating in the workshop int rvi \\'5 . 
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Table 5.21 contains the sam informati on as tab] 5.20 but pr s nt cl in a cliff r lit way. 
Here, the model use category of males and females is displayed separat ly. For xampl , 
male chemists 62 and 75 used models practically to a v ry smaU xtent , wher as ~ male 
chemists 59, 66 and 95 showed h.igh model use. 
Model Use Category 
A B D 
MALES 62 , 75 53,67,90,76 ,77 55 ,87,93 51,54,6 L,65 ,71 
78 ,89 ,81 ,85 
- - - -
FEMALES 60 ,69 ,74 ,88 86 2,63 ,647072 ,73 59,6695 
79,89,9091 ,94 
Table 5.21 Practical Model Use :Distribution 
The total number of students in each of the groupings of tab l 5.21 is shown in table 
5.22 . 
Model Us Cat gory 
A B 
MALES 2 9 3 5 
FEMALES 4 1 11 3 
TOTAL 6 10 ]4 8 
Table 5.22 Practi cal Model se:Distributi 11 Totals 
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It can be seen from tables 5.21 and 5.22 that there is variation in m d I us . Th maj rity 
of chemists are in the middle twu categories (as d fin d by m ) with small r numb rs in 
the very low and the very high m del use categ ri s. No cl ar patt rns betw en g nd r 
and category are apparent from these data. Data r lat d to practical mod J us Ita 
been compared to that concerning th students' appr ciation of th Ilalur of m d J 
and modelling (displayed in tables 5.15 and 5.18) to cullsid r whether th r cuuJcl b a 
connection between the two aspects. 
Chem.ist 53 54 55 59 60 61 62 63 64 65 66 67 69 70 71 72 73 7·1 
Ref. No 
Practical B D C DAD A D B D 
Nature c d b b b b b f b a d,o... a c e,f b 
Table 5.23 Comparison of Practi cal Model Use with Appr ciation f l\lnelel 
This comparison is made in table 5.23 where each c luron consists f th r f r nc E.' number 
for the chem.ist taking part, a capital letter indicating practicaJ m d J use , and a 1 w r 
case Jetter indicating the chem.ist. 's appreciation of th natuf of m del and m d lUng . 
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b 
Chemist 
Ref. No. 75 76 78 79 80 81 85 6 7 9 90 9 1 92 9:l 94 95 
Practical A B B C B B B B A B l) 
Nature d c a b b f a a e b ,d d a b r,d a r 
Table 5.23 (Continued) . Comparison of Practical Model s wit.h ppreciation of Model 
Table 5.24 shows the total number of chemistry students in each gr up. 'or exampl , n 
onf.!j 
student who fell into model appreciation categ ry, a~aJso xhibit d high practical mod I 
use, D , in the workshop interv iews. 
D 1 2 1 1 2 1 
2 6 2 2 1 2 
4 J 2 2. 0 1 
, , . 
A 1 
" 
0 J 0 0 
, 
a b c d e r 
Mod J ppr iaLi n 'aLegory 
Tab le 5.24 Model Appreciation and Practical se: ummary 
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Data from this summary table suggests that those chemists with very low practical model 
use in the workshop interviews tended to appreciate the more concrete aspects of models. 
However, the converse is not true. Those with high practical model use in the workshop 
interviews are not concentrated in the more abstract appreciation categories, but are 
distributed across the range. For example, chemists 59 and 95 were in the high model 
use categories but appreciated models in the more concrete way. 
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Chapter 6 
FOLLOW UP INTERVIEWS 
6.1 INTRODUCTION 
The follow up interviews were carried out with eight chemistry students selected from 
the group of forty five who took part in the main research concerned with the role of 
models in chemical education. The audiorecorded interviews took place approximately 
six months later than the initial ones and were held at the chemist's own institution. In 
contrast to the original one to one interviews, the majority of these were carried out with 
groups of two or three students. 
6.2 AIMS OF THE FOLLOW UP INTERVIEWS 
The follow up interviews were carried out with two general aims in mind. 
1. To consider the effect of teaching about the scope and limitations of chemical struc-
ture models on a chemistry student's perception of th(' naturl' of models and mod-
elling. 
2. To gain information on selected chemistry students' views concerning the position 
of teaching about models and modelling in chemistry curricula. 
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6.2.1 Identifying Some Additional Factors Which May Influence R 
Student's Perceptions of Models. 
A student's perception of models may be influenced by a variety of factors. It is impos-
sible to identify all of these, but in this section some possible influences are discussed) 
for example: 
(a) The main interview itself. 
(b) Specific teaching on models in chemistry courses. 
( c) Specific teaching on models in other courses. 
As a result of the main interview there may have been a change in the chemistry stu-
dent'8 perception of the nature of models. Although the main interviews did not contain 
specific teaching about chemical structure models, it is possible that changes in percep-
tion occurred as an indirect consequence of pa.rticipating in the workshop interviews. 
However, informal discussions occurred at the conclusion of the interviews with some 
students who requested information about the use of chemical structure models in chem-
ical education. Chemistry students were specifically asked if they had had any teaching 
about models since the time of the first interview. No specific teaching had occurred 
in chemistry courses. However, two of the eight participants reported that they had 
encountered theoretical models in an ecology course in biology. 
Table 6.1 which sununarises this information indicates the possible factors which may 
influence model perception of the eight students identified by the r(>ference numb(>rs in 
the first column. The effect of the main interview (a) itself is unknown and its influenc(> 
shown by ? in the second column of the table. 
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Chemist Ref. No. Factor 
a b c 
68 , 69 ? None Models used in ecology ('ours 
71 , 72, 74 , 92 , 94 , 89, ? None None 
Tabl.e 6.1 Factors Influencing P l'ceptions of Mod Is 
6.2.2 Form of the Follow Up Interviews 
Each of the fOUI follow up interviews followed a similar patt m . Each was introduc d 
by an informal discussion with the students on the pr Hminary res ar h findings . For 
example, a discussion on th e situation in schools and universiti s r lating to students ' 
familiarity with and use of models. The remainder of the int rvi ws w r conc fl1 d with 
two aspects , teaching about the scope and limitations of chemi cal strucLur models and 
a discuss ion on the positi on of teaching about m del , in chemist ry curri cul a . he la t ter 
two aspec ts will be di scussed in 6. 3 and 6.4. 
6.3 TEACHING ABOUT THE SCOP AN LIMITA-
TIONS OF CHEMICAL STRUCTURE MODELS 
This part of the interview involved providing students with in£ rmati 11 ab ut th s p 
and limitations of chemical structure mod Is , with th int llti oll of c }lsi I ring th It ct 
(if any) on the student 's perc ption of mod Is and mod lling. h strat gy for ding 
thi s is summarised below. 
• Various ch mj caJ str uc ture models r pr senting th th lH' mol cui w r prov id d 
for the students and numbered fOT asy ref r nee as hown ill t able 6.2. 
• C.hemists were asked to gr up the chemi cal strllc tur moel Is in as many ways as 
they wished, and to explain th eir groupings . 
• Tills was used as a basis for (m ) providing il1~ rmation n ~ alur ,se p and 
limitations of th model types. 
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• Discussi on then centered aroW1d judging which wa th bes t mod I, and how t.o 
deal with the situation (in t eaching) wh r s v ral m od Is may be lI sE:'d to r pr s nt, 
one m olecule . 
• The question "what is a m odel, in science?" was revisited . 
M o del Ref.No Model T ype 
1 PEEL 
2 Darling 
3 Griffin 
4 MRl( 
5 Fieser 
6 Minit 
7 Allyn and Bacon 
8a HGS~ 
8b H GS 
9 Fram E:' work m ol cuJar mud I 
10 'atalin 
Similar constru Li on 
to 3 and 6 
Black ball s with 5 hoI 
trig! na lbipyra mid a ll y a rra nged 
Fl a l r pr 5 nta t i ns f an ul ar 
d p nd nee o f wav fundi n 'r/J 
The construct ions of these m od Is ar d scrib cl in 2.4 .2 
TablE:' 6 .2 Mo dels Repr senting thene M 1 cule, us cl in 'oU w lip Int. r Vl ws 
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6.3.1 Deficiencies in this Form of Interview 
The initial interviews with the forty five students taking part in the study were held 
individually. However, for practical reasons not all of the follow up interviews could be 
carried out in a similar way and some took place with groups of two or three students. It 
is possible (likely) that the views of one chemist may influence another when interviews 
are held in pairs or trios. Adopting an appropriate order of questioning and discussion 
was therefore important in trying to reduce this influence. One strat.egy for addressing 
this problem included the request that the chemistry students write down their groupings 
of the chemical structure models, with brief reasons for the grouping before discussion 
took place. In addition, when revisiting the subject of the nature of models, the chemist 
with the least abstract perception (as judged from responses given in the main interview) 
was encouraged to speak first. 
6.3.2 Analysis of Data 
Table 6.3 is a summary of the eight participants' perspectives on models at the time of 
the original interviews. The data has been extracted from these interview transcripts 
and is given in detail in chapter 5. 
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Chemist Appreciation of Nlodel Purposes Total R pons s Nature uf Mudels 
Ref. No. Self Others 
Tables 5.8 & 5.9 Table 5.13 Appendix 2 Fig .5.2 & Table 5.15 
68 I 1, 6 - 3 d , f 
69 1,2,4,6 - 5 a 
72 1 A 4 b 
74 1, 2 C 5 b2 
94 1 A 4 a 
71 1,2 , 6, 7,9,10 , 11 , 12 A,E,F 10 e, f 
92 1, 2 A 6 b2 
89 ] , 2, 4 , 8 D 7 c, d 
Table 6.3 Perspectives on Models:Summary 
Columns 2 and 3 contain information on the student's appreciation of mod I purposes 
relating to self and to others (respect ively). It is sununarised from tabl s 5.8, 5.9 and 5. 13 
in chapter 5. The nwnbers in column 2 refer to categories of mod 1 purpos s consider d 
relevant to the student. Categories 1, 2, 3 and 4 are concern d with w rking wit h th e 
self consistent model system as reality, cat. gor.ies 5, 6, 7 and with usi ng the In,eI I 
to explain or justify a static unchanging theory, and cat gori es 9, lO , L I and J 2 with 
using the changing model as a link betwe n tIt ma f O and t11 micro I v Is. Tb lell rs 
in colullm 3 refer to the focus of model appr ciat ion relating primaril y 10 t I hers. For 
example , A and B self focus such as clem nstrating an idea lI sing a mod I, : nnd two 
way exchange such as a concise c( romon ground for chemists t.o communi cat , and F and 
E, focus on other person . The nUlnber in the fourth COlUffill r fers \. 0 t he total numb r 
f resp onses irrespective of classifi cation given by the stud nt when asked to consid r 
model purposes in general. These responses m ay be ~ und in appendix 2. Tb I I.t rs 
in the final column refer to the student 's perception of th mod I-m chan ism- quati 11 
relationship (5 .2.5) . a, b , and c relate to concrete and stat.ic p rccpl,i li S wh il e aud 
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f relate to the more abstract and dynamic. Perspectives on models can be considered 
along the concrete/abstract and the narrow / diverse dimensions. For example, chemist 
number 94 appears to appreciate models in a static and concrete manner (columns 2 and 
5) with a limited total number of responses relating to purposes of models in general. In 
contrast, chemist number 71 appears to appreciate models in a varied way (10 responses 
in column 4) encompassing both concrete and abstract perceptions. 
Figure 6.1 is a two dimensional grid which displays chemistry students' relative perspec-
tives on modelling along two dimensions. The coordinates of t.he position of each student 
in the grid are shown in the associated table. The horizontal axis of the grid represents 
the concrete/abstract dimension of model appreciation while the vertical axis that of 
the narrow/diverse dimension. The scales are devised in order to display positions of 
the chemists relative to each other and are not intended to convey any absolute mea-
sure. The allocated position, marked by a cross, is a subjective one based on the data 
surrunarised in table 6.3. With the exception of chemist 71, perceptions of the nature of 
model were located towards the more concrete and narrow regions of the grid. (For this 
reason, care was taken to ensure that in the follow up interviews the views of chemist 71 
were not given before chemists 72 or 74). 
For each of the eight participants, a comparison of perceptions of the nature of model 
in science from initial and subsequent interviews has been made. Abbreviated extracts 
from the interview transcripts of each chemist are presented in table 6.4 for comparison. 
Statements concerning the nature of models and modelling by each chemist have been 
compared and used to consider their changing perspectives. A (subjective) estimate of 
the new perspective held at the time of the second interview is indicated by the arrows 
on the grid in figure 6.1. With the exception of chemist 71, the other students appeared 
to have shifted along one or both dimensions as shown. 
It should not be concluded that the change in position is a conseqUl;>l1ce of the specific 
teaching given, hut that there appeared to be a change in position sincE' thE' first inter-
view which may have been influenced by the discussions on the SCOpE' and limitations 
of chemical structure models. Results from this follow-up study can be USE'd to support. 
the proposal that further work be carried out. in this area to investigate the nature of 
changing and developing appreciation of models. 
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Figure 6.1 Changing per spectives of models . 
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11 
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abstract 
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Chemist Main interview 
Ref. No. 
69 "(A model is) something 
you can picture to 
illustrate a fact or a 
principle, something 
68 
you can actually see 
and relate to in 
physical terms rather 
than just a formula or 
a name. Something you 
can look at and 
recognise. Something 
you can see touch and 
look at." 
" (A model is ) just a 
representation of some-
thing. Well certain 
theories that you can 
... call any theories 
models and they just fit 
into the experimental 
data that we have. I'm not 
saying that it's definite 
and we're saying the 
model fits the experimental 
data that we have. Well its 
a representation of an 
atom & a bond& that's 
just one way of considering 
an atom isn't it ? " 
Follow up interview 
"(A model is) something you can 
visualise. Something you can 
understand complex thought by, 
easy to represent." 
"What I've found, you use all 
these models, not just physical 
models but mathematical models, 
and half the time we've seen 
this model and practically it 
doesn't apply." 
" By all the laws of science they 
have constructed these models 
( in ecology) which should work 
and they don't. Practically 
there's no evidence for them. 
So maybe those were trial 
models." 
" (A model is ) a visual represen-
tation, usually enlarged." 
" ( A chemical structure model ) is 
just an over simplification ( of an 
abstract model )." 
Table 6.4 Perceptions of Models:Comparison of Main and Follow up Interviews 
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Chemist Main Interview Follow up Interview 
Ref. No. I 
----~-I 
94 "Showing a picture or I think (a model is used) to give 
showing something how it a representation of atoms. If you're 
actually looks but not talking about these models, to give 
the real thing. Making a representation of how atoms are 
a smaller version or a bonded together. 
bigger version of some- "It depends on what you're trying to 
thing, which maybe you put across to which one (model) you'd 
can't see, you can actu- i use." 
ally see it through a "I think with undergraduates it would be 
model." valuable to point out the limitations of the 
model... Just to make it clear that it's not an 
ideal representation of what you're showing." 
! 
92 "I think it helps to ! "I think (etltene) is like all of 
give a visual aid, a I these (models) really." 
model." I 
"You can pick them up "I would think that all of these 
and look at them and I would represent ethene." 
you can actually move " Both are right. But one of them shows 
them about." i what you're trying to explain better than 
"1 can't think off the others. So maybe you just have to say 
hand (of any models in that you're using this one because we're 
science which are not looking at the bond length and we can see 
solid)." this better in this one than you can in 
the other one. And then just say if we look 
I at something else we ought to use a 
I different model." i 
I 
Table 6.4 Perceptions of Models:Compariaon of Main and Follow lip Interviews 
155 
Chemist Main Interview Follow up Interview 
Ref. No. 
I 
72 "Well immediately "I think I'd stress the fact that nobody I 
think of lego or a really knows exactly what is right but they're j 
building type thing. all looking at different aspect!! that we know 
I 
I 
I 
Having two boys, one they are correct like the angle in the space I 
immediately thinks of filling one." 
that, of constructing "Stress the positive side of things and this 
things and seeing how is obviously the least accurate. They're not I 
things fit together, stuck out on little matchsticks and things like i 
building things up into this. But it's a useful way of seeing how ! , 
something else. Model- things can bond together or how we can break I I 
ling, making something" ... stress the usefulness of seeing models as 
"( There is a connection a picture to giv(' us some 1lI0re idea of what I 
between chemical happens but they really are just theories." 
structure models and "Well models are one way of expressing 
lego) in that you are something, putting ideas into shape isn't j 
piecing pieces together it, they are theoretical ideas." i 
and certain pieces I 
will fit in a good way I 
and other pieces won't. 
That sort of building 
block idea does fit in 
whereas in chemistry 
you've got certain I 
parameters that you'v(' I 
got to then .... carbon 
can only join to four 
things so you've got. 
that." 
- , 
, 
74 "I suppose a model is "Maybe in a way it's good for them to see 
the idea of being able a few (different chemica.l structure models 
to play with different representing ethene) and say that there is 
materials and make no right or wrong." 
something out of it. 1 "1 think it's good because there's no 
see models like card- right or wrong answer." 
board boxes and bits "I suppose YOll'd have to say that this one 
and pieces. In a way is right if you're looking for a particular 
that's what 1 think thing." 
some of these models, 
doesn't matter how 
expensive, it just 
comes down to the same 
thing." 
-- -- -------------------------------------------
Table 6.4 Perceptions of Models:Colllparisoll of Main and Follow lip Interviews 
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-Chemist 
Ref. No. Main Interview Follow up Interview 
74 "Model making is an Maybe with this as you talked about the 
art form and I think space filling effect or these bonds 
that's an important overlapping and showing the shorter. With 
part of science" .... the different ones you'd have to say what 
"all the model is .... you thought was right about each model. I 
I suppose your own view think I'd explain more about the model as 
of something." you did with telling us what this meant." 
" (A model is) a representation of somebody's 
view on something." 
" (A model does not have to be solid). It 
could be (diagrammatic)." 
71 "For me in a sense "I think I would say 'I think this one is 
science can't exist more right than the others.' I wouldn't say 
without them (models). 'Oh no, they're all the same and we can't 
It's a way of really tell.' I'd say that there isn't 
explaining something something like a bit of spring holding the 
that can't be seen, a atoms together. There is actually overlap 
theoretical construct of electrons, perhaps you can't say that 
which will help you depending on what age they are. I'd say this 
explain something, and helps us, as far as we're aware they're a 
YOll just throw it away certain distance apart these two atoms, and 
if it doesn't help, and this (ball and stick model) shows they're a 
what's coming to my certain distance apart in the same way that 
mind is the kinetic this (space filling model) does. And then 
theory, the idea of we I'd go into the fact 
think of atoms in terms 
of spheres and starting 
from that point you ran 
go far, YOll can predict 
pressure or other 
properties of gases in 
that way, and that's a 
model, a little 
construct YOll've 
imposed on nature 
because you don't 
really know." 
Table 6.4 Perceptions of Models:Comparison of Main and Follow up Interviews 
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Chemist 
Ref. No. Main Interview Follow up Interview 
71 "But I do see a. that maybe it's wrong to think of there 
difference between a being it bit of spring there. It's better to 
theoretical model like think of there being spheres that overlap. I 
the kinetic theory and think YOll can go a certain way into saying 
these models although which one's right. You can't be dogmatic 
they happen to be based, obviously because you can't say 'this is the 
for instance size in real thing', but you can say 'as far as we 
terms of the models we understand chemistry at the moment this 
have of orbits and seems to fit the bill better. But I think 
shells, a.nd we've got I you can say it's a representation and it's 
over here orbitals I ' not rea)." 
suppose." 
, 
I 
89 "They're (models) "I'd say No 1 (a PEEL model) is a far better 
often very useful for I representation of our impression of what the 
showing something which ethene molecule would look like if we could 
would take you a long- see it" .... "Obviously you wouldn't get 
time to describe in the p orbitals in green, or u orbitals in 
words, if you can say white." 
'well this is a model "I think the first thought always goes 
of what I'm talking towards something like this whether it was 
aboll t,' it's far easier a model of an organic molecule or a crystal 
to look at and then lattice in inorganic chemistry 
maybe draw it down and 
then label it rather 
than write two or three 
sides of writing about 
it." 
"You get models of 
apparatus or 
industrial plant" .... 
Table 6.4 Perceptions of Models:Comparison of Main and Follow lip Interviews 
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Chemist 
Ref. No. 
89 
Main Interview 
"If you've got a 
model in front of you, 
you can see where all 
the bits fit in and how 
they interact rather 
than sitting there 
trying to puzzle over 
several pages of 
writing." 
"If you have a model 
reaction, you think of 
it as something that 
represents not the 
reaction but the whole 
class of .... that. 
class of molecule will 
act ually undergo." 
"I think it's 
completely separate 
(model reactions from 
chemical structure 
models) because you 
have models that are 
natural physical 
representation of a 
particular molecule. If 
you have a model 
reaction then that 
illustrates the whole 
group of molecules. 
It's a different 
meaning to it." 
Follow lip Interview 
something like that. But like we said last time 
we've got equations where you have a 
representative equation of a particular group 
of molecules or compounds. They actually 
undergo that particular reaction so you say 
this is a model reaction" ...... "I don't 
think that'5 an aspect of models that would 
come immediately to mind. I don't think that 
arose from the different ways of representing 
the reaction with an alcohol." 
"I suppose it's just the way you generally 
accept these things, see them as a diagram in 
a (scientific) paper, looking through journals 
or looking though a paper which has got 
particular reference to the work you're doing. 
Wit.h crystals the X-ray data shows spatial 
arrangements of things. It's shown in diagram 
or figure Ia or whatever so you got used to 
these things as figure or diagrams. I suppose 
that sort of tag sticks rather than thinking 
that's just another way of representing a 
, model. You accept it's just a figure or 
diagram" ...... "I suppose it's the general 
way you get things termed rather than anything 
else." 
Table 6.4 Perceptions of Models:Comparison of Mclin and Follow up Interviews 
169 
6.4 THE POSITION OF TEACHING ABOUT 
MODELS IN CHEMISTRY CURRICULA 
One reason for carrying out the second interview with selected students was to gain in-
formation on their views concerning the position of teaching about models and modelling 
in secondary and tertiary chemistry curricula - an aspect of modelling which had not 
been addressed in the initial interviews. In relation to this, two questions were at issue: 
(a) Is it sufficient to use the most appropriate chemical structure model in teaching a 
particular aspect? or (b) Should chemistry curricula inc1udf' teaching about the scope 
and limitations of chemical structure models? If so, at what level and how? Sevf'ral 
extracts from the interview transcripts have been included to illustrate the variety of 
opinions expressed by the students involved. For example: 
"Having a discussion like this on what the different models actually show is 
very interesting. But whether you could do it in a large group with say 20 or 
30 people .... In tutorial groups this would be quite a good idea to show the 
differences in different models. Because they all shDw sDmething different. " 
"I think at university I think you could have quite an interesting discussion 
because you've already done the background to a lot of it. " 
(chemist No.89) 
And from a prospective teacher's viewpoint: 
"You must be aware. You don't want to fall down hole." do you if I think you 
can dig yourself some holes if you just use them (models) without understand-
ing what they're meant to be repre.'Jenting. I think it's helpful to be aware. " 
(chemist No.71) 
One chemist talked of some gaps in her understanding of space filling models and some 
possible reasons. 
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"J never appreciated that they did them so you've got the correct bond length 
between them. That's something that perhaps I didn't pick up at school or .... 
when you get to university people assume you've seen models of things so they 
tend not to use them as much." 
(chemjst. No. 89) 
There was not specific discussion on how this teaching should be effected. However one 
chemist felt strongly that demonstration by a teacher or lecturer was not sufficient and 
that students needed to be actively involved. 
"If you just look it doesn't help does it? You've got to interact." 
(chemist No.74) 
When considering teaching the scope and limitations of chemical structure models in 
school chemistry courses there was less agreement as to whether or not it should be done 
specifically. Whilest not arguing against specific teaching, one prospective teacher put 
forward the view: 
"J think it would be useful, whatever aspect you're doing to use a model that 
shows that best." 
(chemist No.92) 
The question of how to deal with the relationship of the model to the molecule caused 
some disagreement and diversity of opinion: 
"When we draw something on the board we don't say 'Th.is is a model, it 
represents what we're talking about.' We say 'This is it.' don't we? which is 
silly. " 
(chemist No.71) 
Concern that this approach could cause the pupils confusion was expressed by a.nother 
member of the group: 
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"Don't you think you've got to be positive with children? It's impossiblt' if yott 
say well .... I suppose we can say 'Th.i.~ i., what we think it looks like' but you 
start adding confusion particularly with third year. " 
(chemist No.72) 
This view was held by another chemist on a separate occasion: 
"J think it depends at what level you're doing it. I think at school J personally 
wouldn't point out that .... nil the limitations of the model because I think that 
would cause more confusion than it's worth .... " 
(chemist No.94) 
One advocate for specific teaching ill schools also emphasised the necessity for pupils to 
handle the models themselves. 
"I think it (specific teaching) would be useful. If you gave the kids a set of 
models and said 'This shows, from this model set make up what you see ethene 
to be' and then show them that one, and say 'This is better 'cause it shows 
.... ' Just go through all the model sets, maybe it would help their understanding 
more." 
(chemist No.69) 
Although the following statement is not included as a rE'prE'sE'utativE' view, it is thE' way 
I would like to think such coursE'S might be rE'ceived: 
"I've learned a whole lot more about them (chemical strudure models). I've 
found it interesting." 
(chemist No.89) 
A summary of the views of the eight chemistry students who participated in these in-
terviews is presented in table 6.5, where a represents the viE'W that it is sufficient to 
use the most appropriate chemical structure model in teaching a particular aspect and 
b represents the view that chemistry curricula should include teaching about the SCOpE' 
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and limitations of chemical structure models . T h re was implied agreement by the stu-
dents that the most appropriate model be USE'd for a sp ririe purposE' . WhE'th r or not 
this is a suffi cient approach to adopt at a ll levels caused som disagreem nt , but th re 
was consensus that university chemistry curricu la should include modelling . Two of t he 
participants stressed the value of practical invnlvemE'nt with mnclels by thE' lE'arnl'fs , as 
npposed to involvement through teacher clemons! ration . 
Chemist University CoursE's School 'nurses 
R eference Number 
68 b b 
69 b b (use) 
71 I 
72 a 
74 b (use) h (us(') 
92 a 
94 b a 
89 b 
Table 6.5 Views 011 Teaclting About Mod 15 in hem istry 'urricul a 
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Chapter 7 
CASE STUDIES 
7.1 INTRODUCTION 
Prelirninary analysis of data highlights some patterns and broad generalisations about 
the ways chemistry students use models in chemistry. Some of the valuable information 
provided by the workshop interviews themselves may be overlooked when presenting 
summary data on groups of participants. The selected case studies are intended to 
show the workshop-serni-structured interview technique as a powerful tool in highlighting 
chemical misunderstandings, and also in gaining data on students' model appreciation 
and use. 
The three case studies selected, illustrate three different typical chemists in action. How-
ever, it should not be assumed that these are representative of three mutually exclusive 
groups into which all chemists fit completely. The first two case studies involve under-
graduate chemistry students, chemists 69 and 59 respectively, while the third concerns a 
postgraduate chemist, number 65, in the third year of Ph.D. research. 
For each case study, background information such as qualifications and experience in 
chemistry is provided, as well as an outline of the student's familiarity with the various 
chemical structure model types. An academic staff assessment of the student obtained 
from records is also included. For each case study a transcript summary is presented, 
which gives responses to the specific questions numbered 1 to 9 concerning models and 
modelling discussed in 5.1 and summarised in figure 7.1. An analysis of general aspects 
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of model use is given and also of the student's approach to specific modelling problems 
in the workshop interviews, such as the chloroethanoic acid model problem (figure 5.3). 
The arrows shown in figures 7.1 and 7.2 are concerned with relationships between the 
specific questions. By comparing responses to closely related questions some data may 
be obtained on a student's perceptions of modelling. For example, the questions "Why 
do you use models?", "What is a model?" and "How does a chemical equation and a 
reaction mechanism relate to the subject of models?" are closely related. By considering 
consistency of responses in these general areas, a check may be made of a student's 
understanding of the nature of models. 
For example, the questions "In what areas of chemistry would you use models especially?" 
and "In what areas of chemistry would you not use models at all?" may be used to 
assess a student's ability to be discriminating, and may be used to check consistency 
with responses to the question "Why do you use models?" 
7.2 CASE STUDY 1: CHEMIST NO. 69 
7.2.1 Background Information 
Qualifications and eJeperience in chemistry. A-level passes: biology grade B, chemistry 
grade C, physics grade E. B.Sc degree. Joint honours degree in biology and chemistry. 
2.1 classification. Chemistry courses studied: foundation chemistry, introductory bio-
chemistry, structure and bonding, spectroscopy, coordination chemistry, surface chem-
istry, biologically active molecules, aromatic chemistry, research project. 
Staff a.ssessment. (Obtained from records, after date of the interview). A thoughtful and 
confident person able to follow arguments, assess information, collate data from library 
sources. An excellent practical worker with a lot of persistence. Has the correct attitude 
and ability to do well in a research type enviroment. 
Fa~liarity with models. Familiar with Fieser, orbit, Allyn and Bacon, and inversion 
models by demonstration. Familiar with Darling framework through personal use. 
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1.2.2 Transcript Summary 
A summary of responses given by chemist number 69 to the specific questions on models 
and modelling is presented in figure 7.3 and discussed in 7.2.3. 
7.2.3 General Aspects of Model Use 
This student has a limited view of models and their uses. It is restricted to three di-
mensional physical models used for illustrating structural features. There is consistency 
between her purpose in using models, and her selection of areas where models are espe-
cially useful (structural and optical isomerism, symmetry and three dimensional shapes 
of inorganic molecules), and where models are not relevant (thermodynamics, kinetics 
and all physical chemistry except surface chemistry). The three dimensional aspect of 
surfaces is evidently recognised. There is also consistency in her understanding of a 
model, generally, in science as something tangible. The equation and the mechanism are 
therefore not considered as models. She has no wider perspective on a chemist '5 use of 
models than that of her own perspective. This is an example of a typical student with a 
limited view of models operating quite satisfactorily and self consistently at a concrete 
level. 
7.2.4 Approach to Specific Modelling Problems 
7.2.4.1 The Chloroethanoic Acid Model 
This chemist recognised the bonding representation and shape of the chloroethanoic acid 
model, and immediately started to deduce the structure. She had not been taught the 
colour convention, but recognised that balls of the same colour represented the same 
atom. When asked how good the model was, she pointed out, quite correctly, its de-
ficiency in illustrating comparative bond lengths of single and double bonds. She con-
sidered the model to be a good one as it showed structure and general shape. She also 
considered it good for illustrating rotation about single bonds. 
While this model does show structure and shape, it is not suitable for showing accurate 
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Figure 7.3 Transcript Swmnary. Chemist No. 69 
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bond angles. 
She only recognised the relevance of representing relative atomic sizes when given a hint. 
She did not mention deformation of bond angles, delocalisation or electronegativity or 
the applicability of the model for illustrating anything other than structure and shape. 
While this appreciation and understanding of chemical concepts is somewhat limited, 
mainly through omission, there are no obvious misunderstandings highlighted. 
7.2.4.2 Representing Simple Molecules 
The chemist was then required to use any of the available materials to make a model 
which was the best representation to her of a molecule of 
• methane 
• chloromethane and 
• chloroethene 
In making a model of methane, the student considered the different model sets and then 
selected the Griffin ball and spoke (No.3), although this set Was unfamiliar to her. When 
asked why she considered it a good representation replied: 
" Well, it's got the colours, carbon and four hydrogens. All the bond lengths 
are equal. It's tetrahedral shape. It's easy to see." 
When asked were there any respects in which it was not a good representation? or were 
there any deficiencies? replied: 
" No I think that's quite good. Simple." 
For chloromethane the Griffin set was again immed~ately selected and a white ball reo 
placed by green. The student was not entirely satisfied with the model as the green and 
the black balls were the same size. She described a molecule of chloromethane as: 
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It Three hydrogen atoms and a chlorine attached to a central carbon atom. Urn, 
tetrahedral shape, bond angles 109. " 
She recognised that the model did not represent a difference in bond lengths, and when 
questioned about how good the bonding representation was, recognised bond vibrations: 
" They're not static so they shouldn't be represented as static. But if you're 
just looking at the shape, I suppose that shows the shape quite well. But if 
you're discussing bonds you need a different type of bond. They have to be 
modified for what you're using them for really." 
In representing chloroethene, she again selected the Griffin ball and spoke model set and 
using black balls with tetrahedrally orientated holes made a model similar to that shown 
in the photograph, figure 7.4 which had one spoke between the black balls for the double 
bond, and left two holes vacant. 
She recognised that the model was inaccurate in representing restricted rotation around 
the double bond and suggested that it could be improved by , fixing , the spoke to stop 
rotation and by shortening the bond angles which were incorrect. 
She then picked out the Fieser (No.5) double bond unit and considered it to be better 
than the Griffin, although its representation of relative bond lengths was incorrect, and 
she was uncertain whether it showed the correct bond angles. 
Throughout the practical sessions, no particular errors in understanding of chemical 
concepts were apparent. There was some difficulty over the use of the Griffin ball and 
spoke models for representing double bonds, but through discussion, she showed an 
understanding of the chemical concepts of shape and restricted rotation in alkenes. Other 
familiar concepts were relative atomic sizes, bond lengths, and molecular vibrations. 
The concept of bond angle and the factors influencing shape may not be completely 
understood. 
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Figure 7.4 Model of Ethene Molecule Made by Stud nt 
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1.2.5 Developments:The Follow up Interview 
In the period of time between the initial and follow up interviews (six months), this 
student's perceptions appear to have changed. In the earlier interview, the conversation 
relating to models centred around their physical nature, even though the questions were 
broadened to include models not necessarily related to chemistry. 
"(A model is) something you can picture to illustrate a fact or a principle, 
something you can actually see and relate to in physical terms rather than jult 
a formula or a name. Something you can look at and recognise. Something 
you can see touch and look at." 
However, in the later interview, the student mentioned the use of the more abstract 
mathematical models in science in addition to the use of physical models for illustrating 
a fact. 
"(A model is) something you can visualise. Something you can understand 
complex thought by, easy to represent." 
"What I've found, you can use all these models, not just the physical models but 
mathematical models, and half the time we've seen this model and practically 
it doesn't apply" 
"By all the laws 0/ science they have constructed these models (in ecology) 
which should work and they don't. Practically there's no evidence for them. 
So maybe they were trial models." 
Some of these theoretical models used in ecology were not considered to be entirely 
satisfactory as they were unable to account for observed behaviour. In the discussion on 
features, scope and limitations of chemical structure models the student showed interest 
in the relative suitability of the various types for illustrating and demonstrating chemical 
concepts. When asked to group the eleven different models representing the ethene 
molecule which were shown to her (table 6.2) and to explain the chosen groupings, this 
student initially divided the model sets into four: 
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• Space filling 
• Ball and spoke 
• PEEL and framework molecular models 
• HGS (with atomic orbital representation) 
The PEEL model was considered to be a very good model for representing orbital overlap, 
delocalisation and bonding, including its polar nature. A comparison of these models 
served to initiate discussion on the nature of bonding and the place of models in teaching 
and learning at different levels. 
When asked to comment on the place of specific teaching about models and modelling in 
chemistry curricula, the student considered that in schools it would be useful to compare 
the features of different model sets as a means of helping understanding. She stressed 
the necessity for students at all levels to handle the models themselves. 
"It's very good for people who lack understanding ........ Gives somebody who 
maybe didn't understand it, time to construct it and look at the angles, would 
help them understand it more. But you've got to spend time haven't you? For 
high fliers, if you see one model they think 'Oh fine, that's it, let's go on to 
another molecule', but for somebody who doesn't understand it quite ...... " 
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7.3 CASE STUDY 2: CHEMIST NO. 59 
7.3.1 Background Information 
Qualificatio~s and eXIJerience in (;!temi~try. A-level passes: biology grade C, chemistry 
grade D, mathematics grade O. B.Sc degree. Joint honours in biology and chemistry. 
2.1 classification.: chemistry courses studied : foundation chemistry, introductory bio-
chemistry, coordination chemistry, organic stereochemistry, aromatic chemistry, surface 
chemistry, spectroscopy, biologically active molecules. 
Staff assessment. (Obtained after date of interview). Quietly competent, well organised, 
fluent. Has ability in certain areas but not in others. Could cope with a research project 
but only by careful selection of well defined topics. Would work well at a project and 
not be side-tracked. Not very adaptable as a scientist. 
7.3.2 Transcript Summary 
A summary of the responses given by chemist number 59 to the specific questions on 
models and modelling is presented in figure 7.5 and discussed in 7.3.3. 
7.3.3 General Aspects of Model Appreciation 
This student has a limited view of models and their use. It is almost entirely restricted to 
three dimensional molecular models. Her purpose in using models centres around three 
dimensional, structural and stereochemical problems. This view is consistent with the 
areas of chemistry she selected where models are useful to her (structural organic and 
transition metal, big molecules) and areas where models are not useful (those not involv-
ing three dimensional aspects, and simple systems), Surface chemistry is mentioned as 
one area where it is not relevant to use models. The three dimensional aspects of chem-
istry are confined to organic, and their relevance to surface chemistry not appreciated, 
She apparently has no wider view of the role of chemists and their use of models than 
her own perspective, The question' Why do chemists use models, generally?' brings the 
reply , I suppose for the same reasons I've just said.' 
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Figure 7.5 Transcript Summary. Chemist No. 59 
4 Why do chemists For the same reasons I've 
use models said. [about self} It 
generally? helps to be able to see it 
in real life rather than 
[imagine it] in your brain. 
She gives the impression that at some time she has been exposed to the more general 
idea of a model. 
" A model is a theory you put forward, a hypothesis, and you try to match what 
you observed to what you've proposed, Whether it fits in. You keep changing 
the model until it best fits what you observed." 
This seems to hold the view that a model is the sum of all the observations. Even 
though a previous chemistry course involved the use of the harmonic oscillator model 
of molecular vibrations, the more general aspects of modelling do not seem to be part 
of her mode of operation. This suggestion is supported by reviewing her discussion 
of chemical equations and reaction mechanisms. Although these may be considered in 
more abstract modelling terms, they are not included as models by her. Scale models 
are needed to explain equations and mechanisms. She is a typical student operating 
at the concrete level of modelling. When pressed to explore other areas she is able to 
make the connections, but is not entirely happy doing so. The consideration of abstract, 
theoretical models can be discussed but are not part of her way of thinking. 
7.3.4 Approach to Specific Modelling Problems 
7.3.4.1 The Chloroethanoic Acid Model 
This chemistry student did not recognise a colour coding completely, did not recognise 
the structure of the cbloroethanoic acid model, and had difficulty working it out from 
the colours, shape and bond representation. She was puzzled by the unit and thought it 
might be " something inorganic ". 
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When reminded that there was a colour convention for representing atoms, she recognised 
black, white and green for carbon, hydrogen and chlorine, but not red for oxygen. 
When asked what she might want to show to a first year student, she replied: 
" Well I suppose I would use it to ..... sequence rules, but I can't really 
show size of atoms bacause they're all similar sizes. Then I suppose it does 
demonstrate chlorine can occupy this position. " 
The student suggested that she could use this model to explain sequence rules to first 
year undergraduates. As one of the applications of sequence rules is in assigning R or S 
configurations to chiral carbon atoms, and this molecule is not chiraI, the model is not 
useful in that context. 
The initial mistake in thinking that geometric isomerism applied, could be partly at-
tributed to the fact that the model seemed static. The OH and CI were trans to each 
other, in this case conformationally trans (or anti) rather than through rigid geometry. 
However, there was some confusion over geometric isomerism as the plana.r requirement 
for this was not initially recognised. 
The student was aware of the need to use different models for illustrating different con-
cepts and suggested that the open model was suitable for structure but not for stere-
ochemical reactions such as the substitution reaction. She did not go on to use space 
filling models but followed this up later in the interview. 
She did not comment on the unsuitability of the model for illustrating correct bond 
angles, bond lengths or delocalisation. 
She thought that a better representation of a molecule of chloroethanoic acid was a model 
with a single hole and spoke for the double bond and a single ball for OH. She considered 
the model could be used to show bond angles. 
" Yes 'cause it's tetrahedral and 109. Oh yes and for cistrans I suppose. OH 
and that's here and they're trans to each other ...... It's very odd. Half of it's 
an alkane structure and half of it's alkene structure. " 
She then realised that that was incorrect when she found that the parts of the model 
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could be rotated, and then finally deduced the structure. 
She commented that her initial confusion was due to the discrepancy between the three 
dimensional model and the way the structure of the acid group would be drawn on paper. 
She recognised the relevance of the atomic size. 
<I If I'm using a stereochemical reaction or demonstrate a stereochemical re-
action I would use different sizes of atoms, like this substitution here [SN2 
mechanism on the board} but as it stands just on a structural basis I wouldn't. 
I would use this." 
The initial question of explaining what this was to a first or second year student was 
never really answered as the student herself had difficulty in recognising the structure. 
The nature of the model was not discussed, only some of the chemical aspects of the 
molecule. 
7.3.4.2 Representing Simple Molecules 
The chemist was then required to use any of the available materials to make a model 
which was the best representation of a molecule of 
• methane 
• chloromethane and 
• chloroethene 
In making a model of methane, the framework molecular model set (No.9) was selected, 
and also the catalin (No.10). She considered the framework model to be simpler but it 
had the disadvantage of not having an atom in it. She thought the bond length might 
be incorrect. This, however, is an inappropriate statement as all four en bonds are 
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identical in length. She recognised a deficiency in both models, 8S neither illustrated the 
bond vibrations and the electrons in orbitals. 
" But I suppose that's a more physical aspect of the model and not the organic 
aspect. " 
Here, not only are the branches of chemistry compartmentalised, but also different mod-
els considered appropriate for each branch. For chloromethane the catalin model was 
selected and justified as relative size was the most important factor. However, the inver-
sion model was considered to be more suitable in illustrating a chemical reaction. 
For chloroethene, the most important aspect considered was the planar shape and lack 
of rotation. 
" It's planar, flat and rigid because of the double bond and I suppose the 
relationship of the bond CI and H bond are quite important as far as the cis 
and trans stereochemistry. " 
This again illustrates the lack of understanding of geometric isomerism, as the structure 
discussed was monochloro- and not dichloroethene. Relative atomic sizes were mentioned 
but not bond lengths or polar bond character. 
In considering the approach to the va.rious modelling tasks, the student appeared to have 
a grasp of such concepts as relative atomic size, dynamic nature of molecules and the 
necessity of using different models for illustrating structural and stereochemical aspects. 
It is not possible to assess understanding of bond length, ionic-covalent character as 
these were not fully discussed. However, important areas where chemical understanding 
is faulty are those involving stereoisomerism, particularly geometric and some aspects of 
optical isomerism. Although lack of appreciation of the model systems could contribute 
to the misunderstandings, this cannot be the sole cause. 
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7.4 CASE STUDY 3: CHEMIST NO. 65 
7.4.1 BACKGROUND INFORMATION 
Qualifications _an~ t:JCperie~ct:_in ~!t!J!li.!try. A-level passes:biology grade D, chemistry grade 
E, physics grade E. B.Sc. degree, joint honours in biology and chemistry, 2.1 classifi-
cation: chemistry courses studied: foundation chemistry, introductory biochemistry, 
coordination chemistry, organic stereochemistry and aromatic chemistry, physical chem-
istry, biologically active molecules, structure and bonding, analytical chemistry, research 
project. 
Staff Assessment (obtained from records, after date of the interview). Consistent devel-
opment throughout the course. Mature and critical approach to the subject. Capable 
of working independently, planning and organising time, carrying out several operations 
concurrently, shows initiative. Has the ability to succeed as a research chemist. 
1.4.2 Transcript Summary 
A summary of the responses given by chemist number 65 to the specific questions on 
models and modelling is presented in figure 7.6 and discussed in 7.4.3. 
1.4.3 General Aspects of Model Use 
This student has a wide perspective on models. Although, before the interview he had not 
considered the nature of model and modelling he was willing and able to think through 
the problems as they arose. He was not specifically asked about chemists' reasons for 
using models as his own purposes spanned a wide range. For example, he was able 
to consider the specific 3D aspects of stereochemistry as with non-superimposability of 
mirror images in organic chemistry, and to use the model as a memory, learning or 
explanatory aid, i.e. considering the model to be reality for the purposes of explanation. 
In addition to this he considered a model to be a simplification or abstraction produced 
from experimental or raw data by transformation. 
"a contrived example of something that is real." 
192 
~ 
LD 
W 
9 What 
do you 
think 
a 
model 
is? 
A rep. of what you believe to be 
fact •.• portrays something ego a 
reaction in a certain way to 
make explanation more understand 
able. An aid to learning. A 
contrived example of something 
which is real ••• a simplification 
an explanation of raw data. An 
explanation or representation 
of raw data obtained by trans-
formation in order to simplify 
5 How do The eqn. is not a model because 
you it's not a representation.lt's 
think a statement of fact. A model is 
the very much more questionable 
equ. because models can vary. You 
& mech.can't change the fact. The eqn. 
fit in?is there and that happens. What 
Or you can do is to use a different 
don't set of models to show how that 
they? happens.! model is very much a 
matter of choice as to which on~ 
you use & there's no set answer 
to that. 
Why 
do you 
use 
mOdels? 
2 In 
what 
areas 
of 
Chem. 
would 
you use 
models 
espec-
ially? 
3 In 
what 
areas 
would 
you 
not 
use 
models? 
I use models to represent something which is difficult to 
conceive. I use a model to simplify something. A model is 
useful to me as a learning aid. You use models to make things 
easier for~. . 
I've used models in many different sorts of areas. In my 
particular work, spectroscopy, interactions of light with 
molecules, you can only do in terms of some sort of model 
'cause it's something you can't really see. You get data that 
you measure, you can't actually see the interaction as such so 
you have to expand it with a model to explain something.Inorg. 
Chem. in terms of chemical bonding springs to mind.Most of all 
I've used models for Organic chemistry.Organic Chemistry is most 
easily looked at in terms of models.A case in point being 
optical isomers.Organic Chemistry you can use models to repres-
ent reactions as well as structures. In spectroscopy the best 
model is your body. 
In nearly every field of chemistry you have some aspect where 
the theory needs to be qualified with some simplification or 
model diagram. Whatever Chemistry you're doing, if you're 
being thorough, even if you're just adding A to B and making a 
measurement you could end up with reams and reams of data,but 
at some point you have to have this representation of that 
reaction that's going on. 
Figure 7.6 Transcript Summary. Chemist No. 65 
Not only did he consider model purposes in relation to himself but was consciou8 of the 
explanatory power of models in teaching. Because of his fairly abstract appreciation 
of models, where the model was seen as a way of explaining the experimental data by 
abstraction or simplification of chemistry, he considered such things as diagrams under 
the same headings as models. For this reason there were no aspects of chemistry where 
models were not relevant. Graphs and equations were not considered as models as those 
were unquestionable facts. However reaction mechanisms were considered to be models 
as each was just one possible way of explaining observed facts and therefore involved 
some doubt or choice. In such a way there is consistency in his appreciation of the 
nature of model. 
The only suggestion he had for areas of chemistry where models were not so relevant 
related to the more applied a.nd industrial aspects where the major concerns were the 
applica.tion of a technique. 
/I I think applied chemistry assumes that the theory behind the application is 
correct and hence then they're applying the technique" 
Even so, he concluded that models underlay the theory used by the applied chemist and 
therefore the two could not be separated. 
7 .4.4 Approach to Specific Modelling Problems 
7.4.4.1 The Chloroethanoic Acid Model 
Initially the features of the chloroethanoic acid model were described, for example the 
convention that different coloured balls represented different atoms and that a stick rep-
resented a two electron bond. The colours were correctly assigned but through molecular 
shape rather than application of a convention. The bond angles were explained in terms 
of electron pair repulsion. The model was considered good in so far as it represented 
structure, but not for bonding and for reactions. The model was seen as useful in 
demonstrating rota.tion about single bonds, and in illustrating conformations. The stu-
dent handled and moved the model during his fairly lengthy discussion. The relevance 
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of atomic size, bond length and electronegativity was not mentioned so no assessment 
of concept understanding can be made. There were no obvious chemical errors. In this 
student's consideration of the chloroethanoic acid model, not only chemical concepts but 
model uses and the nature of model were discussed. 
7.4.4.2 Representing Simple Molecules 
When presented with the task of choosing any of the available materials to make the best 
representation of a molecule of methane, the student considered the variety of materials 
and then tried Allyn and Bacon, Fieser and the HGS model sets although not all these 
were familiar to him. He considered the open type models to be best in illustrating 
structure and stereochemistry, for example the Allyn and Bacon model with open bonds 
with the expanded view easy to see. However, their disadvantage was in explaining the 
nature of the electron, giving the idea of each atom as a distinct entity. He considered that 
although space filling models might be confusing, they had the advantage of illustrating 
a trend or overall shape, and a comparison of relative sizes of entity. He recognised that 
different models were suitable for different purposes, and that an open model was useful 
for a relatively easy transformation from three dimensions to two dimensions. 
When asked to make the best representation of a molecule of chloromethane, this student 
considered the Allyn and Bacon model previously made, and modified it by replacing a 
white ball by a green one with the bond angle in the new model identical to those in 
the methane model. This was seen to be unsatisfactory due to the lack of synunetry and 
the change in electrical charge. The inversion model was then selected to illustrate the 
change in bond angle and seen to be more flexible and adaptable than the Allyn and 
Bacon, although neither of these models were considered to be representative of atomic 
size. However, this was seen as relatively unimportant as the different atoms could be 
distinguished by different colours and simplicity in a model was of prime importance. 
When given the problem of making the best representation of a molecule of chloroethene, 
he considered something similar to the Allyn and Bacon chloroethanoic acid model to 
be appropriate. Although the Fieser double bond unit had the advantage of convenience 
there were no marker balls available, necessary for the particular task undertaken. The 
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model set finally selected as being the most suitable was the orbit straw model. The 
student commented that in this the double bond length was conveniently represented as 
shorter than those of single bonds and that if necessary a larger coloured marker could 
be added to represent a chlorine atom. 
The student made a final comment that owing to its simplicity a model could not show 
everything and was necessarily a compromise. 
No errors in understanding chemical concepts were highlighted during this workshop in-
terview. Those omitted in the discussion of the chloroethanoic acid model were included 
in the later part of the interview and were correctly used. On the practical side, the stu-
dent was confident in handling models and willing to experiment with some not familiar 
to him. He showed a flexible approach to models and modelling. 
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Chapter 8 
CONCLUSIONS 
8.1 ANSWERING THE RESEARCH QUESTIONS 
8.1.1 Individual Chemists' Purposes in Using Models 
Purposes in using models are varied. The most common purposes expressed by chemists 
interviewed is that of using the model to help visualize in three dimensions, for example 
in looking at the relationships between the sections of the model and helping to solve 
stereochemical problems. Purposes range from seeing 3D structures, understanding a 
reaction mechanism and understanding features of a model (one chemist's perception) 
to such purposes as providing an explanation or analogy, giving a theoretical description 
of the way atoms and molecules are thought to be located, and designing molecule (a 
professional chemist's perception). Variation is found between chemists, not only in the 
breadth of appreciation and the number of different responses but also in the type of 
response, as described in 5.2.4. 
8.1.2 Patterns in Model Appreciation 
In 5.2.4, the individual responses to appreciation of model purposes have been considered 
under two headings, those relating primarily to self, and those relating primarily to 
others. With the former category the responses have been graded along the concrete-
abstract and the static-dynamic dimensions as described in 5.2.4.1 
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The questions to be answered are what patterns of model use there are within and 
between different groups of chemists. As part of this discussion, whether the purpose in 
using models varied with level or year of course. Tables 5.9 and 5.13 summarise the data 
from the original transcripts. 
There appears to be little difference in model use and appreciation by undergraduate 
chemists irrespective of year of course. The major model appreciation of these students 
(experience levels 1 and 2) falls within response category A, the more concrete and static 
aspects, where they are working with the self consistent model system as reality. The 
most frequent response is the ability to help visualize in 3D, with those of demonstrating 
a reaction or process, and as a memory or learning aid mentioned less frequently. Some 
individuals appreciate the more abstract aspects of models, that of using the model to 
explain or justify a static unchanging theory. This appreciation is mentioned less often 
than the previous category A. The more abstract and dynamic category C is relatively 
unimportant. Only two such responses are noted from the twenty four undergraduate 
chemists. These chemists do not consider the use of models in relation to other people 
to any great extent. 
Quite surprisingly the patterns for female PGCE chemists (level 3) are very similiar to 
those of the undergraduate chemists. Appreciation of models primarily related to self 
are just as restricted and limited. They do not show awareness of the more abstract uses 
of models. However they differ from the undergraduate chemists in their appreciation of 
model use for others. Most members of this group see a given model as being useful to 
explain, demonstrate or illustrate an idea. 
Female Ph.D chemists (experience level 4) show a wider appreciation of model use than 
the previous groups but all within c.ategory A. Only one entry concerning the use of 
models in relation to others was recorded. 
The two remaining groups of postgraduate male chemists (experience levels 3 and 4) are 
similar to each other and markedly different from other groups. Their appreciation is 
more diverse and is within the more abstract categories Band C, and spans aspects of 
model use concerned with other people. 
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These findings are summarised in table 8.1 and pres nted in the form of a two dim nsional 
grid . The cells along the vertical axis r efer to concret and static m odel appreciation, 
category A , and to the m or e abstract or dynamic appreciati n , categories Band C, as 
described in 5.2.4.1. The cells along the horizontal axis , narrow and diverse refer to 
breadth of m odel appreciation. 
Category 
A only 
Category 
A and 
(B or C) 
Appreciation 
Narrow Diverse 
1M, IF 
2M , 2F 
3F,4F 
3M,4M 
Table 8.1 Patterns in Model Appreciation :Sum.mary 
F = Female , M = Male 
l, 2, 3 and 4 r efer to xperience level. of chemist . 
8.1.3 Is There Consistency in Perception of the Good Ch mist? 
The views of the twenty scientists taking part in thi s st ud y were remarkabl y consistent . 
There was agreement that th term chemist needed to be div id ed into sub- headings such 
as techn.ician, research stud nt , production chemist , researcher , projec t leader, teacher , 
befor e m eaningful comments could be made, and that there were essential qualiti s for 
success within each of these areas . ' Good ' was considered as successful at operating 
within the bounds of the chosen task or occupation and judged by th current scientific 
community (qualifications , academic repute etc.) 
199 
There are specified minimum skills required by each type of chemist in order to operate 
successfully. The 'good' chemist is likely to have the wider ranging skills as described in 
chapter 4 especially in the conceptual areas. 
Perceptions of good were seen as changing. The good chemist of today is likely to be a 
different character from his nineteenth century counterpart. A present day chemist who 
has good practical skills and not conceptual skills is much less likely to be considered 
good than in the past. Not only are perceptions of good changing with time and with 
type of chemist but also with the stage in a chemist's career. The researcher is more likely 
to need and to have good practical skills early in his career than later, when technical 
help is normally automatically provided. To be successful later in a career he or she 
needs high conceptual and management skills. The majority view was that there were 
not special skills relevant to the chemist as opposed to other scientists. The skills listed 
in chapter 4 apply equally to all the sciences (and to many other professions). 
8.1.4 Is Flexibility in Model Use an Indicator of Competence as a 
Chemist? 
There are two aspects to this question; flexibility referring to practical aspects and flex-
ibility referring to theoretical aspects. 
The only way these questions could be truly answered would be to follow the long term 
careers of the chemists taking part in the study and to match success with model per-
formance. However, a more readily accessible alternative is to compare workshop per-
formance with other methods of assessment such as degree result and tutor assessment. 
From the data obtained in this study, there is little evidence to suggest that flexibility in 
practical model use has any bearing on competence as a chemist (chemist as described 
in 8.1.3) Although complete information is not available for all chemists, a reasonably 
large number of selected instances suggest: 
1. That undergraduates with limited practical model flexibility have gone on to become 
successful/ competent research students. 
2. That there is no correlation between undergraduate examination results and prac-
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tical model flexibility. 
3. That some Ph.D chemistry students with limited model flexibility are doing well in 
research whilest others with greater model flexibility are doing less well. 
8.1.5 Is Appreciation of the Nature of Model a Personal and / or a 
Changing One? 
') 
There are many ways of appreciating models and this variety is reflected in the interview 
transcripts. The majority of views expressed by the students interviewed, fall within 
the bounds of the scientifically accepted role of models in chemical practice such as 
those discussed in protein conformation (2.4.4). Concrete model appreciation may be 
considered to be a subset of the more abstract role of models in chemistry. However, both 
aspects are important and frequE.'ntly used by the scientific conununity. The majority of 
perceptions of undergraduate chemistry students fall within the boundaries of concrete 
modelling acceptable to the scientific conununity. In some cases these may be coloured or 
modified by some personal understandings. Although a chemist's appreciation of models, 
to some extent must be influenced by teaching, this study has shown that many chemists 
use models in a personal way. In chapter 1, there were some indications of this from the 
pilot study. In the main study this was confirmed 
• by chemist 59 (case study I) who has a preference for a model which is compatible 
with a structural formula i.e. the hydroxy group represented by one blob rather 
than two separate balls for the separate atoms, with a spoke between. 
• by several chemists who prefer to use catalin models but with the centres separated 
so that a ' bond ' shows. 
• by the wish to use a composite model: a space filling with a ball and spoke inside. 
• by the wish to use a coloured transparent space filling model so that the joining 
pegs are visible. 
For how long a model is used is also personal. To many chemists, a model is only 
necessary in the early stage oflearning and then becomes redundant. 
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The influences on model appreciation are numerous. In reply to a question concerning 
the use of a model in a particular way, the reply 'that's what we've been told to do' was 
given. In discussing with a Ph.D. chemistry student why she did not appreciate models 
in a more general way, the reply was that she did not include graphs and diagrams as 
models because in scientific papers these are described as "figure" or " diagram," and 
the 'tag sticks.' 
The follow up studies showed that perceptions of models are changing and that further 
experience of models resulted in either a broadening or abstract developing process in 
most of the chemists. These changes may be due to the specific teaching about the scope 
and limitations of chemical structure models, or acquaintance with broader aspects of 
modelling in science. Comparison of the categories of the chemist suggest that changes 
may take place on graduating and moving to a postgraduate chemical education. This 
study has shown that chemists generally appreciate models in a scientifically accepted 
manner, but that these are coloured to different extents by personal factors. 
8.2 DISCUSSION OF FINDINGS 
8.2.1 Patterns in Model Appreciation and Flexibility 
The variation in model appreciation can partly be explained by looking at the major con-
cerns of the groups of chemistry students involved. That of the undergraduate chemists 
is with successfully completing or passing a course or B.Sc degree. The relevance of 
the model here is for that purpose. It is as an aid to learning, a memory explanation 
to self, helping understanding in a limited, restricted area such as stereochemical prob-
lems. Most undergraduate chemists are relatively unaware of the wider issues in their 
immediate concerns of graduation. 
The relevance of model appreciation and use, concerned with explanation for others, is 
restricted mainly to the PGCE chemists {level 3). These have graduated in chemistry or 
a related science and have chosen the teaching profession as a career. Their immediate 
concern is not with obtaining a degree qualification but in learning the skills of teaching. 
Models come into the fore as an pducational tool with explanatory power. They perceive 
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models as for the undergraduates , but have this wider appreciation in addition. They 
are concerned with the use of models in chemistry teaching. Differences between males 
and females will be considered later. 
Ph.D (level 4 ) chemists have a greater experience of chemistry. Their model appreciation 
is also greater. In general, the higher conceptual skills are needed by these chemists and 
models appreciated in a variety of ways. The very small sample makes it impossible 
to make conclusive statements about gender differences except to restate the findings 
of chapter 5, that males of experience levels 3 and 4 appear to appreciate models in 
a more abstract way than the other groups. Although some differences in patterns of 
model appreciation, flexibility and use are apparent, there is considerable similarity in 
the perceptions of many of the chemists involved. This inflexibility may be attributed 
to the purposes for which the models are deemed to be relevant. Inflexible chemistry 
purposes are likely to be reflected in inflexible model use. As this study is concerned 
with snapshots of chemists at a particular point in their careers, it is not possible to 
evaluate changing model flexibility. 
Literature and research relevant to this study include the following areas: 
• girls and science. 
• characteristics of girls studying science in the sixth form. 
• sex differences in science achievement. 
• sex differences in spatial ability. 
Some studies concentrate on practical differences between boys and girls. For example 
the DES (1980) in a study on the teaching of science to girls in coeducational comprehen-
sive schools reported that few girls had developed scientific and technological practical 
interests and felt at a disadvantage in the laboratory, and lacked confidence. 
Anastasi (1985) comments on the better spatial abilities of boys and suggests a biolog-
ically based factor to account for this. As delicate movements follow gross body move-
ments in individual development, developmental acceleration results in females having 
an advantage in manual dexterity in speed and control of fine movements. Girls should 
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develop fine motor coordination at a younger age than boys. She suggests that these 
initial, biologically determined sex differences may affect the acquisition of skills and 
interests, thus setting in motion a progressive mechanism of differentiation between the 
sexes. In a similar way she suggests that it is possible that boys' superior strength 
and better coordination encourage them to explore mechanical objects in their early 
development and thereby stimulate development of spatial orientation and mechanical 
aptitudes. Research studies into the differences in interests between boys and girls are 
reviewed by Tyler (1976) who reports that boys and men score consistently higher than 
girls and women on general information tests. They comment that from kindergarten 
through adulthood, the interests of males seem to be broader and more active tha.n those 
of females. 
Mays (1987) has found no difference between the sexes with young children in their 
readiness to use construction building toys. However, girls in contrast to boys having 
begun a task, are unwilling to modify their work greatly or to begin again, but persevere 
with the "narrow" aims in mind. With students, females are less ready than males 
to get involved with using construction materials in solving given problems. This is 
in contrast to my findings with chemists in which there were no significant differences 
between the sexes in readiness to use models. This discrepancy may be explained by 
my non-representative sample. The chemists cannot be considered as representative of 
the population of students. Mays' students varied in age but the qualifications and 
experience of the majority was not in science. My chemists, in order to gain entry to 
B.Sc. courses and beyond, have considerable practical laboratory experience. They are 
not typical of the cross section of younger students reported in a study by Comber and 
Keeves (1973) who found that, on average, fourteen year old boys from nineteen countries 
scored considerably better than girls in science achievement tests. 
To account for flexibility differences in model appreciation the literature in the area of 
differential psychology may be relevant. A great deal of work has been done on iden-
tifying and describing personality differences between males and females but very little 
rationalisation has taken place. For example Tyler (1965) comments on the Allport-
Vernon study of values and reports that men obtain higher average scores than females 
for theoretical, economic and political values. This is used to suggest a greater interest 
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in abstract ideas by males. With respect to problem solving tasks, Hutt (1972) con-
cludes that in general, males appear to be better than females, tending to ask 'why' 
and 'how' questions rather than questions directed towards finding out the social rules 
and conventions that may apply. Males are more able to break a set, to restructure and 
reorganise their concepts. They excell in spatial and numerical abilities, are divergent in 
action and thought, and are generally superior in conceptualisation. Hutt suggests that 
the characteristic patterns of behaviour and styles of development are particularly well 
suited to the roles that males and females fulfil. With respect to creativity, Kogan (1974) 
considers there to be little difference between the sexes, in dimensions such as divergent 
thinking, originality and spontaneous flexibility. In the quick perception of details, Tyler 
(1965) considers women to be superior to men. Hartshorne, May and Weller (1929) 
researched sex difference in personality characteristics and considered that girls showed 
inhibition or self control and more perseverence. This agrees with Mays' findings with 
young children and construction toys. When focussing on scientists, many studies have 
concerned the personality of the scientist, (Head, 1979,1980), and such characteristics as 
high measured intelligence, convergent thinking, emotional stability, tough mindedness, 
self sufficiency, reservation and hard work have been identified. Smithers and Collings 
(1981) turned attention to girl scientsts to find out if their characteristics were similar to 
those of boys. They concluded that this was indeed the case, that girls in science came 
out as mainly similar to boys in science. 
In summary, there is little in the literature to support or explain my findings in the 
differences in appreciation of modelling between the males and females of the higher 
experience levels. It is possible that biologically determined sex differences may affect 
early acquisition of skills and interests (Anastasi,1985) and so initiate differentiation 
between the sexes. Research findings in these areas have been shown to be inconclusive. 
It is unlikely that this is the major factor responsible for the observed sex differences. The 
compatibility between the characteristic patterns of behaviour and styles of development 
with the differing roles fulfilled by males and females as suggested by Hutt is likely to be 
of considerable relevance in attempting to explain these differences. Many researchers 
have been concerned with early differentiation between the sexes and the implications 
for mathematics and science education. Harding (1983,p39) has reported that more 
attention is given to boys than to girls in science lessons. For example, boys tend to sit 
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at the front of the classroom or laboratory or at the centre of a row for a demonstration, 
and therefore gain more teacher attention and interaction than girls. They receive more 
encouragement in putting forward ideas and in challenging information given by the 
teacher. Harding also reports (1983,p29) teachers' perceptions of girls such as preferring 
note taking and rote learning methods to be widespread. However, a study by HMIs 
(DES,1980,pI6) has shown these preferences to be untrue. 
Kelly (1981) summarises excerpts from three hundred women students' descriptions of 
their experiences concerning science, and reports a number of common situations. For 
example, girls felt isolated and ignored or held up as different in science classes and there-
fore felt self conscious, and that science was considered to be a boys' subject. Biology 
seemed a better subject choice than physics or chemistry as it was more interesting, un-
derstandable, relevant and concerned with people, less masculine, mathematical, tedious 
and anxiety-producing and concerned with learning facts rather than understanding prin-
ciples. The women students reported some teacher behaviour as being discouraging, for 
example that even bright girls were not taken seriously. Many science teachers, par-
ticularly male have different perceptions of what is appropriate behaviour of the sexes. 
For example, the male active, enquiring, challenging, and the female passive. In the 
past this image has been reinforced in the text books where the masculine image is to 
the fore and the female if present at all, is in the role of helper. Torrance (1963) il-
lustrated that apparent differences in creativity between the sexes was not innate and 
that a lack of creativity exhibited by girls in science could be attributed to the inhibit-
ing effect of stereotyping of early activities with toys. He demonstrated that it was not 
difficult to change girls' expectations of themselves with encouragement from significant 
adults. Finn (1980) showed that the type of school environment may have had a bearing 
on science performance. Although overall, boys outperformed girls in physics, chemistry 
and practical applications, nevertheless girls from girls' schools surpassed boys from boys' 
schools in biology and chemistry. Although there is no conclusive evidence to account for 
any differences in flexibility between male and female chemistry students, the continual 
perception by girls of science as a male domain is likely to produce a lack of confidence. 
It may therefore lead to an unwillingness by girls to risk exploring ideas which are not 
familiar, and to retreat into adopting a safe and inflexible attitude. 
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8.2.2 Personal and Changing Perceptions of Models 
There has been a large amount of literature in the field of alternative frameworks in 
science education over the last decade. Studies such as Driver (1981), Osborne (1980), 
Gilbert, Osborne and Fensham (1982) consider children's thinking concerning concepts in 
science. ChHdren tend to acquire views of the world, and meanings for words before they 
are formally taught science, and bring their own self-consistent understanding of science 
concepts to a science lesson. The relationship between these personal views and the 
generally accepted scientific viewpoints has concerned many science educators. Most of 
the work on alternative frameworks has been with primary and secondary school children 
and has concentrated on physics concepts. 
In one of the few studies in tertiary chemical education, Vincent (1987) investigated 
undergraduates' conceptions of energy. He found that in general, their understanding of 
many aspects of energy was that of the accepted scientific view, although for convenience 
and through habit, ideas may be communicated in a language indicating the alternative 
framework previously held. He concluded that the development of understanding pre-
cedes the development of precise language in some cases and that the students may not 
see any difficulty or danger in this because it is assumed that communication between 
peers is understood as a result of mutual understanding of the context. These findings 
are complementary to those arising from my work with chemists' appreciation of mod-
els. On the whole, these chemists seem to hold different perspectives of an a.ccepta.ble 
scientific "consensus" view, coloured by a personal perspective. Different chemists have 
different opinions of what is meant by a good model. This research has shown that a 
person's level governs what they see to be a good model. 
8.2.3 Models and the 'Good Chemist' 
The findings from my study on the criteria for success in chemistry and the characteristics 
of the 'good chemist' do not entirely match those from previously published studies, 
Symposium reports of the Royal Institute of chemistry (Thompson,1977) and the Royal 
Society of chemistry (Chapman,1985) include such discussions. Large and ambitious 
lists of characteristics of the good chemist have been compiled which fail to distinguish 
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adequately between various categories or occupations of chemists. Their general criteria 
match mine relating specifically to the good research chemist i.e. equating chemist with 
research chemist. My study suggests essential minimum criteria for competence and 
success within the various chemist categories. This study shows that perceptions of 'the 
good chemist' have changed with time. The implications for this are that there should 
be a change in chemistry teaching to reflect this development. 
When considering the good researcher, the relationship to modelling can be seen. State-
ments in 4.2.4 consider the good (research) chemist as one who has the ability to ap-
preciate models widely and abstractly. A glance at the work of some of the more recent 
famous twentieth century scientists illustrates this link. One of the best examples can be 
seen in the work of Watson and Crick (Nicholdon,1987) in their search for the structure 
of DNA. This involved the use not only of theoretical modelling but also practical model 
building and the ability to switch readily between the two. 
8.3 IMPLICATIONS FOR CHEMICAL EDUCATION 
8.3.1 The Use of the Semistructured Workshop Interview Technique 
in Assessment 
This research has shown that the workshop interview can be a powerful tool in probing 
understanding of chemical concepts. One of the methods of assessment most closely 
related to the workshop interview is that of the oral examination. The value, uses and 
drawbacks of oral examinations in science have been discussed in 2.3. The major draw-
backs are the length of time taken to conduct the examination and the possible lack of 
validation procedure. Oral examinations have been used extensively in tertiary chemical 
education assessment, for example with Ph.D. and undergraduate research projects. Use 
in first and second year undergraduate examining and in secondary education is almost 
non existent. However, the value of oral examinations as an integral part of GCSE project 
coursework assessment has been recognised. The development of communications skills 
is a valuable part of education. In order successfully to probe concept understanding it 
is essential that the chemist feel at ease, and not be put under undue stress or pressure. 
This may occur with the oral examination, as with the more commonly used written 
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examinations. One advantage of the workshop interview is in reducing this pressure. 
Conversations with chemistry students have suggested that the large majority were at 
ease in the interviews, even in the presence of the video recording equipment. The major 
reason given for quickly becoming unaware of the equipment was the focussing of atten-
tion on the models most of the time and the large proportion of time spent in handling 
or constructing models and other materials. In this aspect the workshop interview differs 
from the oral examination. Understanding of chemical concepts could also be probed by 
direct questioning. However the majority of chemists felt secure when discussing chem-
ical structure models. These have been shown to have value as an indirect method of 
probing understanding of chemical concepts. Aspects of the present research interviews 
applicable to assessment could include the latter, more practical aspects of the workshop 
interviews, for example the explanation of the chloroethanoic acid model, and making 
models to represent simple molecules. In addition, the tertiary education teacher could 
gain valuable background information on the candidate's familiarity with models. The 
time taken for these activities in the research study has been approximately twenty min-
utes, which is not an unreasonable length. The technique could have applications in the 
following areas. 
8.3.1.1 Higher Education Selection Procedures. 
Entry to B.Sc. chemistry courses. Selection of prospective undergraduates at present 
normally involves a one to one interview. The workshop interview could be used as 
an integral part of this, retaining the functions of assessing the personal qualities of the 
candidate, promoting communications skills, finding out about background and assessing 
understanding of basic chemical concepts. 
Entry to PGCE: cheIl1.istry courses. The whole of the workshop interview may be relevant 
in this case. Again selection is normally by means of a one to one interview. The purpose 
may be to investigate or confirm competence in chemical understanding. In addition the 
interviewer may wish to explore a candidate's position on educational issues. The early 
part of the research interview concerned with appreciation of purposes of models in 
chemistry and c'hemical education could have value. 
209 
8.3.1.2 Higher Education Assessment. 
At present oral examining plays very little part in years 1 and 2 of B.Sc. chemistry 
courses. The problem of time may in some cases be insurmountable. However, consid-
eration should be given to the advantage in development of communications skills that 
these forms of assessment provide. 
8.3.1.3 Higher Education, Diagnosis of Concept Difficulties. 
The relevance of this has already been stressed. In many higher education courses, 
tutorials with a personal or academic tutor are a regular feature. Ideally these occur at 
least once a term. The workshop interview could be included as part of this structure, 
especially in year one, and give tutors a better appreciation of undergraduate students' 
concept understanding. 
Although videorecording of the research interviews was considered necessary and there-
fore adopted, it may not be appropriate to adopt this procedure in tertiary chemical 
education assessment. The equipment is expensive, time consuming to set up, and may 
be an unnecessary imposition to the tutor to operate. Although the chemists involved in 
the research study claimed that they soon became unaware of the recording equipment 
and were not distracted by it, its widespread use may cause some problems. It should 
be remembered that the research interviews involved chemists who volunteered to take 
part (Note:there were few difficulties in obtaining subjects), and so may not be typical 
of chemistry students in general. Audiorecording, (or no recording at all) may be more 
suitable in these circumstances. Careful consideration of the form of the recording to 
be adopted for selection to PGCE courses should be made. A videorecorded workshop 
interview in these circumstances may have additional benefits than those now discussed. 
Awareness of personal level of communication skills is a vital part of integration into the 
teaching profession and an early introduction, assessment and preparation for it could 
be helpful. 
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8.3.2 Implications for Chemistry Teaching at the Tertiary Level 
An awareness of the research findings could lead to more effective teaching particularly 
at the tertiary level. Enabling teachers to become more aware of their pupils' previous 
experience with models and the way students use models in understanding chemistry 
may lead to a more effective use of models and an improvement in teaching methods. 
This research has indicated a wide variety in familiarity with chemical structure models at 
the secondary level. A large majority of students entering higher education courses have 
never handled models themselves, and many are familiar with only one type of chemical 
structure model through demonstration by the teacher. In very few cases in tertiary 
chemistry courses are the students taught about the features, scope and limitations of the 
models used. The assumptions are possibly made that the students have this awareness 
on entry to higher education. This was highlighted with respect to colour convention, 
and to space filling models. One major cause for concern is the lack of communication 
at the secondary and tertiary interface. 
The majority of the eight chemists taking part in the follow up interviews expressed 
the view that in tertiary education courses it is not sufficient to use the appropriate 
chemical structure model for a specific purpose, but that there is a definite place for 
teaching about their scope and limitations in chemistry curricula. Part of the problem 
in lack of conununication may be overcome by adopting the recommendations about 
the use of the workshop interview in selection {8.3.1} However, the undergraduate and 
postgraduate students' lack of awareness of the nature of model and modelling cannot 
be remedied by this alone. There is a definite place for specific teaching about models 
in chemistry curricula. I feel that this should be developed as an integral part of a 
chemistry course rather than as a separate component within a 'philosophy of science' 
course. Personal experience with chemists and the results of the interviews with chemists 
and other scientists (chapter 4) suggests that many chemists may not be willing to 
consider the wider philosophical and social issues of science, and therefore the use of such 
an approach may be detrimental. Experience with the eight follow up study chemists 
suggested that specific teaching about chemical structure models within the context of 
existing chemistry courses may be an interesting and enjoyable addition. However, some 
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caution is needed as the small sample may be atypical of chemists as a whole. 
This research has concentrated on the experiences of chemistry students, with very little 
investigation of teachers' perceptions. Seemingly models are used for specific purposes 
by teachers without checking their students' understanding of the wider aspects. In the 
majority of instances students do not see the relevance of a model unless it is specifically 
discussed with them. For example, the use of the harmonic oscillator model of molecular 
vibrations was not recognised as a model in the more general meaning of the word. 
Models are seen almost entirely as chemical structure models, and these used in a limited 
way. Tertiary education teachers could do well to recognise how their students are 
thinking. A greater understanding of basic chemical principles may be obtained by 
using features of models and by comparing the values of two or more types in different 
circumstances. For example, by considering the construction of space filling, ball and 
spoke, and PEEL models for simple molecules, such concepts as the nature of bonding, 
covalent and Van der Waals' radii, atomic and molecular orbitals, and electronegativity 
can be discussed. There is a need for developing a teaching programme to evaluate 
this idea. I feel that by being presented with the necessity to evaluate the relative 
merits of the different model representations, the undergraduate chemistry student must 
begin to understand the concepts involved. Having to compare, contrast and justify 
uses necessarily requires some understanding of the relevant concepts, or alternatively 
highlights any misconceptions held. 
In addition to including a component in PGCE courses on models and modelling, there 
is an advantage in developing practical model building. This should include the con-
struction of space filling models for simple molecules and ions using polystyrene spheres. 
This would require selection of appropriate sc.a!es to correspond to atomic or to Van 
der Waals' and covalent radii and a knowledge of colour convention in modelling. Not 
only could this have an advantage in assessing the prospective chemistry teacher's un-
derstanding of these concepts in chemistry, but could be used as a vehicle for considering 
the teaching of such concepts at A- and possibly GCSE levels. 
In 2.1 (particularly 2.1.1, 2.1.2, and 2.1.3) the emphasis on the changing nature of chem-
istry and chemist was made. The study relating to the perceptions of a good chemist 
(chapter 4) backed up this position. The comparison was made between the good chemist 
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of today with his nineteenth century counterpart. Characteristics were outlined suggest-
ing that flexibility in attitude, interests and approaches in tackling problems was neces-
sary for being considered a good chemist, and that flexibility in model use is seen as an 
indicator of being a good chemist. 
What this study has shown is that chemistry students do show differences in patterns of 
model appreciation. However these differences are rather small. Postgraduate chemists, 
particularly males have a broader and more abstract appreciation of models. Yet, con-
sidering the whole of the sample involved in the study, their appreciation of the nature 
of model and modelling was restricted. It may not be possible to assess competence as a 
chemist through flexibility of model appreciation and use. Only by presenting chemists 
with a wide and flexible selection of problems and purposes in chemistry can flexibility 
in model appreciation be assessed. This study has shown that chemistry itself has been 
changing and developing, and that the aims of chemical education particularly at the 
tertiary level are slow to reflect this. Although the example used in 2.4.4 of models in 
protein conformation was given as an example of chemical practice, this is in fact an 
overlap area where chemical education, in especially the Open University, matches the 
changes in chemical practice. Unfortunately such developments are not widespread. 
The observation made earlier, that chemistry students are not aware of the wider issues of 
modelling unless they are clearly pointed out, has relevance to the follow up study. Here 
information was provided by eight chemists on general aspects of model use encountered 
since the initial interviews. The only direct teaching was reported by two of the chemists 
in an ecology course in biology. It was dear from the second interview that this had 
an effect of making them more aware of the broader issues, even before the 'specific 
teaching' of the second interview occurred. It i! possible to develop a chemist's flexibility 
in modelling by carefully coordinated tertiary education material, and this should be 
encouraged. 
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Chapter 9 
IMPLICATIONS AND 
CONSEQUENCES OF THE 
RESEARCH STUDY 
9.1 CRITICISMS OF THE METHODOLOGY 
9.1.1 Choice of Methodology 
The use of a form of naturalistic enquiry using videorecorded semi-structured interviews 
was justified in Chapter 3. Some of the problems associated with adopting such an 
enquiry were also raised. It is now appropriate to consider whether they have been 
adequately dealt with in this study. 
9.1.1.1 "Black Market" Understandings 
Inevitably the researcher gains insights into a subject not accessible to an outsider. 
In this research report I have tried to address and deal with this problem as fully as 
possible. The use of videorecording goes some way in making available non verbal data 
not obtained in the majority of naturalistic enquiries. Although this report contains 
only \\'ritt!!n excerpts and extracted data from the interviews, the fact of others being 
unaware of the researcher influence by non-verbal insights into the participants maybe 
overcome (partly) by the videorecord becoming available to other interested researchers. 
This still does not a.ddress the researcher's selection of material from the transcripts as 
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a means of exemplifying certain perceived opinions. As a way of dealing with this, some 
full extracts have been given in a number of cases so that the reader may get an idea 
how the analyses have been carried out. In the data analysis section, a description of the 
categorisation procedures adopted in the research have been given, as well as details of 
the transcription methods. The full transcript of one of the research interviews is given 
in appendix 1 and the first stage of a partial analysis included in appendix 2. 
9.1.1.2 Validity 
A problem occurring in all types of research, but usually addressed particularly by those 
undertaking one of the more naturalistic forms of enquiry, is the concern to understand 
meaning. How can a researcher be sure that he or she has understood or interpreted the 
meaning of the participant? Is the data and the analysis a 'true' record of the conversa-
tion? Is the analysis valid or authentic? In this research several methods have been used 
to ensure this as far as possible. In the interviews themselves a questioning technique 
was developed so that one question or topic area was explored by several different ap-
proaches. Any inconsistencies were then highlighted and discussed. This approach was 
more successful during the progress of the research, as interviewing experience was being 
developed. For this reason, the very early interviews in the main study itself may not 
contain such useful information. 
A point to be aware of is the participants' responses in an interview. Are they giving an 
opinion because it is the way they feel, or because they wish to please the interviewer? 
There is no way of being certain which is occurring. However, with experience an in-
terviewer becomes more competent to decide. For example, participants may feel that 
they should express the view that models are extremely useful in all aspects of chemistry. 
Discussion of areas where models are n2i useful or relevant may deal with this. With a 
small number of participants there was the anxiety to provide an acceptable answer or 
an acceptable performance. Questions such as 
"Is that alright?' 
"Is that what you wanted me to say?" 
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were raised. The research aimed to indicate to the participants that there was no right 
answer, and this was achieved by pointing out that each chemist had a different view on 
the various points and topics. 
At the end of the interview chemists were given the opportunity to look at all or some of 
the videorecording and to make comments. Surprisingly (to me) very few wished to do so. 
The view expressed by a large majority was that they had been willing and interested to 
take part in the research and were agreeable to their data being used for research, but did 
not wish to 'see' themselves on video. A possible deficiency in the analysis procedure was 
in not providing all the participants with interview transcripts for comment. This had 
been done with a selection of pilot study interviews when the participants were provided 
with verbatim transcripts and asked to point out inaccuracies and to make comments 
on the interview. It was felt in the main section of the research that authentication 
could be obtained indirectly in the small number of follow up studies where meanings 
were checked. In 3.1.3 and 3.2.2.3 the use of triangulation was mentioned as a means of 
authentication of data. In this study, data on students was obtained not only from the 
one or two interviews described, but from previous qualifications in chemistry, interim 
examination results, and in some cases references. Although this material is available, 
much of it has not been included in the report in order to maintain confidentiality. It 
does mean, however, that the researcher has access to material not available to others 
and may have used this indirectly in making interpretations. Nevertheless, I feel it is not 
ethical to include information which is so detailed that a participant may be identified 
from it. Nor is it ethical to include information which is is the property of a third person, 
for example tutor reports or (especially) references. This aspect is noted as one deficiency 
in the validation of the research data. 
9.1.1.3 Sample Size 
The main study involved an investigation of chemistry students' perceptions of models, 
with a view to considering patterns (if any) within and between different groups. As 
there was the possibility of obtaining a very large number of subjects for the study, 
and the researcher's time was limited, some selection had to be made. There was no 
way of choosing a 'representative' sample initially, as this had no meaning within the 
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context of the type of study. Nor was there any prior recommendation as to what was an 
adequate sample size for the purposes of the research. However, some possible groupings 
of chemists were made initially as a starting point, for example grouping by level of 
experience of chemistry. It was felt that more than one academic institution should be 
involved, but no attempt WaS made to group by institution. Neither was any attempt 
made deliberately to select students across the ability range as this was thought likely 
to occur as a matter of course. The students essentially were volunteers, but within 
requested experience level groupings. For this section of the study forty five chemists 
were involved, distributed almost equally by gender and by experience level. Interim 
data was analysed as the study progressed and the sample considered large enough when 
it appeared that no new ideas were being generated. Some differences were indicated 
between postgraduate male and female chemists. However this study was unable to 
investigate these adequately, and a larger scale project could be undertaken in this area. 
9.1.1.4 Problems of Progressive Focussing and Analysis of Data 
Data analysis using pre-set questions and categories WaS not considered appropriate to 
this study. Although the broad research area and problems had been addressed before 
commencing the work, there was continual development and focussing. For this reason 
there was no clear distinction between the pilot study and the main research itself. The 
research instrument (both practical and theoretical aspects) was continually modified. 
For example, only as a result of new and interesting data from one interview was the 
decision made to widen the perspective for future interviews. The earlier interviews, for 
this reason, may not have included all the aspects included in the later ones, resulting in 
the possibility of missing or incomplete data. Improvements in technique also occurred 
during the course of the research and so there is not complete comparability across 
the study. This would be less of a problem for researchers working either with case 
studies, or at the other extreme with the quantifiable surveyor experimental methods. 
It becomes more of a concern when using techniques lying between the case study and 
the experimental or survey where some patterns are expected and some generalisations 
may be made. 
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9.1.1.5 One to One Versus Group Interviews 
An initial decision was taken to conduct one to one interviews to obtain opinions and 
perceptions without the influence of another chemist. This took place in the large ma-
jority of cases. However, for practical reasons, four undergraduate chemists from one 
institution were interviewed in two pairs rather than singly. This required more careful 
probing to obtain the views of each individual. For example, in response to a question 
previously answered by the first chemist, the second of the pair replied 
"It's as .,,\ says .... " 
and therefore further questioning was needed. Some advantages could be seen in group 
interviews as they often generated discussion and arguments, a possible advantage to 
a student in helping concept understanding through justifying an opinion. Another 
benefit in conducting group intE'rviews may be to relax tension and pressure. During 
these interviews, very little tension was apparent (an aspect confirmed afterwards by 
the majority of participants), and I feel that the use of individual interviews was the 
more appropriate method to adopt in this study. Pair or group interviews may be a 
suitable alternative in research studies similar to this, with the proviso that more careful 
structuring of the interviews is needed to highlight some of the advantages mentioned. 
The eight chemists taking part in the follow up study were interviewed in groups of 1,2, 
2, and 3. The interviews with thE' trio and one of the pairs were very useful in generating 
argumentative discussion and justification of ideas. 
I feel that the research strategy chosen for this study was the most appropriate in dealing 
with its associated problems. 
9.1.2 Answering the Research Questions 
The research questions introduced in 1.3 can be divided into three groups. Questions 
one to five relate to purposes and patterns of model appreciation and use within and 
between different groups of chemists. Questions six and seven relate to perceptions of a 
good chemist and the relationship to model use. Question eight addresses the role of the 
workshop-interview as a method of assessment. 
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In my view the latter three questions have been adequately answered (8.1.3, 8.1.4). 
Although the value of the workshop-interview has been discussed in 8.3.1, an evaluation 
is necessary to examine this in detail. Although peoples' views on the meaning of a good 
chemist did vary, there was surprising agreement on many of the criteria. I feel that 
this question has been adequately addressed within the brief that I set myself- namely 
to consider the views of a selection of practising chemists and other scientists on their 
criteria for describing what is meant by a good chemist, and incidentally to consider 
the role of models within this. It may be that the position of the industrial chemist in 
this has been underrepresented. Views were expressed on the numerous types of chemist 
working within what may be described as 'industry' resulting in the difficulty of listing 
the skills and attributes for each. 
When considering questions one to five, the analysis indicated more similarity between 
the groups of chemistry students than I had expected. The majority of the chemists 
used in the study relating to the use of models were students. It was initially expected 
(mistakenly) that Ph.D. chemists might show distinctly different patterns in model ap-
preciation from other groups. A wider perspective might have been obtained by including 
practising chemists in the study. An aspect of the research not fully investigated was 
that of possible changing perspectives with respect to model appreciation. The follow 
up study went some way towards looking at change with respect to time and it was felt 
that within the bounds of the study it was not feasible to do more. However, a longer 
term longitudinal study following chemists throughout their academic courses and sub-
sequent careers might help to answer questions concerning flexibility of model use and 
competence as a chemist. 
9.2 EFFECT OF INVOLVEMENT IN THE STUDY 
9.2.1 Effect on Participants 
Any research study has an effect on the participants. What is important is to try to 
understand and comment on this process. Any study which investigates students' per-
ceptions in a particular subject area should address the problem of trying to appreciate 
the study from the participants' perspective. They are approached to take part in the 
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study. Why do they agree? One possibility is pressure brought to bear by the investiga-
tor or by one of his or her agents. In this case there was no intended pressure applied. 
In the case of institutions other than the investigator's own, the strategy adopted was 
to ask for 'interested' volunteers from large groups, after they had been given a brief 
description of the research project by a chemistry tutor known both to them and to the 
researcher. There still remains the possibility of taking part in the research to please the 
tutor making the request. The strategy adopted in the researcher's own institution was 
somewhat different. The department was a small one where the students were known 
to the investigator. As a result of such informal friendly relations, the majority of the 
chemistry students were aware of the research project, although only in general terms. 
In other words, many of the students knew of my interest in the subject of models in 
chemistry but not of the detail of the research. Although no overt pressure was brought 
to bear on students to take part, the possibility of agreeing in order to please a tutor 
should be recognised. One noticeable feature of the sessions is the ease at which subjects 
seemed during the recorded sessions. 
Possible concerns of the students taking part. 
With a chemical education study of this type, it is possible that students may regard the 
material as examinable, and that the data may be used as a form of indirect assessment. 
In this particular study there was less likelihood of this occurring as the topic of models 
does not usually have a specific place in chemistry curricula, and consequently a smaller 
risk of undermining the student's confidence by questioning examinable material. 
Changes in outlook. 
The majority of participants expressed an interest in taking part in the study. A no-
ticeable feature of many of the interview sessions was the astonishment shown by the 
students at the wide range of materials available, and the regret that models were not 
used to a larger extent in chemistry courses. However, the major changes in outlook 
were observed with those taking part in the follow up interviews. Here the students 
seemed interested in discussing the wider issues relating to the role of models in science 
in addition to their previous interest in models for solving specific chemical problems. 
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9.2.2 Effect on Colleagues 
As a result of working in a small department the broad outlines of the research study 
were known to colleagues and so inevitably informal discussions took place. Colleagues 
commented that not only were they more aware of the role of models in chemistry 
teaching but they had increased their use of models with their undergraduate classes. 
Some commented that they had become more aware of the need to be careful about 
their use of language, especially when making the distinction between the model and 
the molecule it represented. One said that whereas in the past he would have used a 
theoretical model implicitly in spectroscopy, he now saw the advantage in making explicit 
the model use. Although effects of the research study on colleagues were not intended 
to form part of a pilot study to consider recommendations for curriculum development 
in chemistry, nevertheless they do give a tentative indication of how such a study might 
be received in higher education. 
9.2.3 Effect on Self 
In undertaking this study there was an initial problem in changing a research focus and 
working within a different paradigm. A change was necessary to cope with differences 
in perspective between previous research experience in chemistry and lack of research 
experience in chemical education. The research methods programme devised by the 
Institute for Educational Technology at the University of Surrey eased this adaptation, 
especially as the programme preceded the start of the research study by several months. 
This enabled me to become aware of some of the frameworks within which to work and 
methods of matching the problems in hand with data collection and analysis procedures. 
Even so, there was the desire to work within a 'safe' bounded area of research and 
the reluctance to take on board the more general philosophical and sociological issues. 
There were early concerns of not seeing a clearly defined developmental pathway of 
operation, and the necessity of flexibility with respect to change of direction. There 
was development during the initial stages of the pilot study from purely quantifying 
data relating to chemical concepts to concern with the more general model-molecule 
relationship, and the recognition of the nature of science, understanding and modelling 
within which to consider models in chemical education. 
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A study of this type involves trying to Wlderstand chemistry students and to describe how 
they behave in a modified natural setting, rather than adopting a positivist methodology 
and attempting to quantify responses to predetermined questions. A variety of percep-
tions were apparent from the interviews, many of which did not entirely coincide with 
those of the $.cientific community: for example, a discussion with a chemist showing a 
lack of understanding of a particular chemical concept or a chemist illustrating a partic-
ularly narrow appreciation of modelling. Although these may describe the perceptions 
of chemists taking part in the study, it was difficult to avoid making value judgements 
and to be detached from the chemists and their views. 
Thesis writing has been an integral part of this research programme. The field work, 
data analysis and thesis writing have been non-linear, interdependent and developing 
components of a complex whole. Working this way required a change in outlook from the 
more familiar paradigm one experience with its self contained and independent aspects. 
As a result of carrying out this research, many changes have occurred and many people 
have been affected to varying degrees- most of all myself. My own perceptions of peo-
ple, research, communications and interactions are now inevitably different from those 
held four years earlier. I feel that I have gained by a broadening and deepening of under-
standing and a flexibility of approach-one aspect looked for in the chemists involved in 
the study. Without the interest and involvement in the study, my own perceptions may 
have been where, with hindsight, I think they were several years ago- narrower, more 
concrete and less flexible. 
9.3 FUTURE RESEARCH 
Most research projects generate more problems and questions than they solve. This has 
been no exception and has opened up a number of aspects for further investigation. 
9.3.1 Teachers' Perspectives 
The present study relating to model use and appreciation has concentrated on the chem-
istry student's perspective. Another aspect of the whole issue of models in chemistry 
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is that of the chemistry teacher's viewpoint. There is scope for investigating this per-
spective with the possibility of matching student teacher interaction. Ideas and methods 
adopted by Denicolo (1985) in her case studies relating to figurative language as a means 
of explanation in chemistry might serve as a model for such research. This research has 
shown models and modelling to be central to chemistry. Students' perspectives have been 
shown to be related in part to the way models have been used by teachers in secondary 
and tertiary chemical education. In order to consider this interaction, research is needed 
into such areas as: 
• teachers' frequency and purposes in using models 
• the way they are introduced and used in explanation 
• the type of models used, for example theoretical, abstract, concrete 
• whether teachers operate on a concrete or abstract level in their chemistry teaching 
and 
• whether this mode of operation is compatible with their students' preferences 
• whether teachers enjoy using models and how this affects their students' enjoyment 
and understanding of the subject. 
The majority of chemistry students operate primarily on a concrete level. The follow up 
studies indicate that a broadening and/or a moving towards the more abstract occurs. 
A possible area for research is the way teachers' model use might influence this change, 
and whether a student's understanding of chemical concepts through models could be 
improved by making explicit the role of abstract models. 
9.3.2 Secondary Level Chemistry 
The present study has focussed 011 the role of models in tertiary level chemistry. However, 
interview data has highlighted the importance of influences from 0- and A- level teach-
ing on many undergraduate and postgraduate students' perspectives. There is a need 
to extend this research to consider the ways in which models are used by both teachers 
and students in secondary schools in the teaching Rnd learning of chemistry. With the 
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introduction of the a.C.S.E. and the accompanying changes in teaching and examin-
ing, research is needed to consider the role of models within the context of continuous 
assessment, particularly project work. 
9.3.3 The Use of the Workshop-Interview in Assessment 
The use of the workshop-interview has been discussed briefly in Chapter 8, and the need 
for a full scale evaluation to assess its relevance in chemical education indicated. Chapter 
8 suggested areas where the workshop-interview might have a place, such as selection 
methods for higher education and Postgraduate Certificate courses, for interim assess-
ment in year 1 or 2 chemistry, and for diagnosis of conc.ept difficulties. In evaluating the 
workshop-interview in P.G.C.E. selection, a comparison of the technique with existing 
interview methods for identifying suitable future science teachers is required. The eval-
uation process would be of one year duration for each group of students, and repeated 
with subsequent groups of interviewees, possibly requiring a three year evaluation study. 
For use with undergraduates, a longer period may be required to follow the progress of 
a student through his or her three or four year course. 
The present study has been concerned with the use of the workshop-interview for investi-
gating chemistry students' understanding and use of models in chemistry. There is scope 
for extending this technique to specific chemical topics which may be probed by use of 
models and modelling. For example to isomerism, both organic and inorganic, to chem-
ical bonding (valence bond and molecular orbital approaches), to symmetry, group the-
ory and chemical transformations. There is also scope for developing the videorecorded 
workshop-interview technique to other areas of chemistry, not necessarily related to mod-
elling, where either concept understanding needs to be probed or where introductory or 
remedial teaching may be desirable. Such areas could include probing understanding of 
basic principles of chromatography by selecting appropriate solvents, coating materials, 
concentrations etc. in order to carry out specified separations; selecting and assembling 
suitable apparatus to solve particular practical problems. Videorecording workshop-
interviews such as the two areas outlined could have the advantage of helping both tutor 
and student to improve the student's practical techniques in elementary chemistry, a 
cause for concern at both the secondary and tertiary levels. 
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APPENDIX 1. 
Interview Transcript. Chemist No.7l. 6/2/1987. 
D~ 
I 01 Thanks very much for coming along and agreeing t.o do this before recording, 
02 for me. As you know I'm interested in the use chemists wanders around and 
looks at all the models 03 make of models in understanding chemistry, and in 
04 particular the group of postgraduate chemists because you 
05 have had experience of models yourself at school and 
06 university and you mayor may not want to use them in 
07 chemistry teaching, so it's that side of it I'd like to 
08 look at later. Can I asked you to before we start off, 
09 could you look at the range of models that I've got here 
10 and indicate to me which ones are familiar to you from 
11 school and from university? 
S 12 In fact one set that we used at school as a demonstration 
13 I haven't seen here (urn). Normally for larger lumps of 
14 carbon than this, with a floppy double bond kind of 
15 like this but longer (I see) and I was looking for that 
16 and didn't see it. The minit system I bought myself 
17 while I was at university. I haven't used it since 
18 although I've been tempted to. There hasn't been the 
19 need. The name I don't know. 
I 20 No, the names don't matter too much. It's just the 
21 types. 
S 22 We did have again at school not lumps of polystyrene but 
23 polystyrene spheres that we could actually .. , 
I 24 There are some old polystyrene spheres around, yes 
S 25 and they were normally for crystals, face centred cubic 
26 and that sort of idea rather than spoke molecules. 
27 They were for crystal structures. I have seen these half 
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01 that will clip into something else that, but never used 
02 them myself. And again I've seen these at this college. 
I 03 I noticed you've got some over in the corner of that 
04 type. 
S 05 Yes, they're the ones, but again I haven't used them 
06 myself. It's very limited what I've actually seen and 
07 used. Certainly the minit is the only thing I've really 
08 got to grips with and tried and experimented with. 
09 Others have been used as examples away from me. 
I 10 So the minit ones you've used yourself as an 
11 undergraduate, and at school you said about polystyrene 
12 spheres for crystal lattices and a dHferent type which 
13 I haven't got here. 
S 14 Yes, but that was normally in demonstrations. But yes 
15 I've had something else at school that was used as a 
16 demonstration. 
I 17 OK thanks. To kick off, can I ask you why you use 
18 models? What's your purpose in using models? 
S 19 I bought my minit system because I wanted to see 
20 something in 3 dimensions. I was doing a project about 
21 an orientation of the hydrogen atom related to 
22 a penicillin structure. I wanted to see, I don't 
23 know if it was a true representation or not but I wanted 
24 to see how bending something in some way would cause 
25 something else to move, changing in orientation by just 
26 pulling out a bond and putting it somewhere else, and 
27 working from mathematics where this would be orientated 
28 in relation to the rest of the structure. And it's just 
29 so much more helpful to be able to see something and 
30 having bought it for that purpose I was able to use it 
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01 for other things, and if you experiment with the ethane 
02 atom, looking at rotation barriers and that was just fun, 
03 I made up a penicillin molecule and showed my friend and 
04 they thought it just gives something tangible to 
05 something which is otherwise closed. 
I 06 So that was for 3 dimension purposes that you ... 
S 07 Yes, really. Yes, and just to bring it a bit more into 
08 real life. You know, it's something that can be touched 
09 and as far as we know it's not far off being real, as far 
10 as we do know. 
I 11 So what areas of chemistry do you think models are 
12 especially useful. Maybe you've answered that partly in 
13 your last ... 
S 14 Yes,I do think especially in organic chemistry where you 
15 are thinking of orientations and you're often writing 
16 this 4 valent carbon on a plane on the blackboard or 
17 whiteboard when actually a lot of its properties and how 
18 it reacts depends on its being 3 dimensional and rotating 
19 and having degrees of 120 etc that and SNl,SN2 
20 reactions require 3 dimensional properties- you can't 
21 draw that on the board unless you go into little 
22 perspective drawings of this comes in, this comes out, 
23 and it'd be so much easy to say 'you can see what it 
24 looks like and these are 120' and apart from it falling 
25 off, it's more easy to see things happening and why 
26 things would invert, and that's useful and I think it 
27 gets more interesting to be able to see something 
28 tangible again for those who are trying to learn it. 
I 29 Any other areas of chemistry ... ? 
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S 01 Well, I suppose to do with valency as well, if you're 
02 talking of structure, whaes planar orbit, a planar 
03 structure, bipyramidal what ... I've forgotten the names 
04 of these molecules, but, what ammonia would look like and 06,) 
05 you're getting into this lone pair of electrons and what 
06 effect it would have on the structure and how that's 
07 important for the N Ht ion, there's a space for the 
08 extra hydrogen ion to come in. Boron trifluoride or 
09 something like that. So I suppose it has more 
10 application into the inorganic side as well. And again, 
11 that tends to be for purposes of orientation and 
12 structure and shape, geometric shape, and that's quite 
13 useful. 
I 14 So that's conunon to the organic and the inorganic you 
15 were saying. 
S 16 Yes, I suppose I am, yes. 
I 17 What about areas of physical chemistry? 
S 18 I've never thought about it in terms of physical 
19 chemistry. Perhaps if you're thinking of reaction rates 
20 or liklihood of reaction and orientation - could 
21 actually be a limiting factor or you're talking about 
22 bulk properties if you could compare sizes, interestingly 
23 we've got a big chlorine and a small hydrogen and that 
24 will perhaps give an indication that things are likely to 
25 happen differently with these two. Also you've different 
26 atoms as well but bulk properties have to be brought out 
27 too which might have an effect on rate and other things. 
I 28 You hesitated when I said about physical chemistry, you 
29 said you hadn't thought about it. What about areas of 
30 chemistry where you think models aren't relevant? That's 
31 perhaps springing one on you. 
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S 01 It is. I suppose there are areas of chemistry where it 
02 wouldn't occur to me to use models in, for ,in teaching 
03 purposes because the hydrogen chloride, it strikes me ... 
04 you don't need to tell people hydrogen chloride would 
05 look something like that, perhaps because it's irrelevant 
06 there. Only if you need to use their structure or what 
07 we consider to be their space relationships to get a point 
08 across. That's why I hadn't thought of it in terms of 
09 physical chemistry. The normal understanding of physical 
10 chemistry is you write it down in mathematical forms. 
pauses 
MRK HCl 
11 You don't think about ... you don't at A level, in terms O'l't 
12 of properties of the elements themselves or molecules 
13 themselves. It's what happens to them rather than why, I 
14 tend to think, but I'm open to be corrected over that. 
I 15 I guess different people have different views on it. 
S 16 I think they must do. I haven't really thought much 
17 about it, especially in the areas where it isn't 
18 relevant. At the moment I'm thinking where can I bring a 
19 model in to be helpful and I have few examples really but 
20 it doesn't mean I think there would be other areas where 
21 it would be irrelevant. I just haven't got that far in 
22 my thoughts. 
I 23 You've looked at a variety of models here. What about 
24 model generally? If I'm not restricting it to the things 
25 you've got in front of you, what do you understand by the 
26 word model? What does model mean? 
S 27 It would be quite hard I think to put that across in 
28 class but ... 
I 29 No, I mean for you rather than ... 
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S 01 OK, for me,in a sense science can't exist without them. It's 
02 a way of explaining something that can't be seen - a 
03 theoretical construct which will help you explain 
04 something, and you throw it away if it doesn't help, and 
05 what's coming to my mind is the kinetic theory, the idea 
06 of we think of atoms in terms of spheres and starting 
07 from that point you, can go far, you can predict pressure 
08 and other properties of gases in that way, and that's a 
09 model a little construct that you've imposed on nature 
10 because you don't really know. So you try something you 
11 do and when it ... I consider that to be a model. 
I 12 Yes, so how do these things fit in ? 
S 13 These things fit in because it helps you visualize what 
14 might be happening. This here is not so much a 
15 theoretical model but a kind of ... it's not a theory, 
16 it's a ... what I said before something tangible and how 
17 else I could explain that I'm not sure. It helps you 
18 ... , it gives you something in your mind to attach 
19 thoughts to, like 3 dimensions in organic chemistry, it 
20 gives you something in your mind to attach thoughts to if 
21 you, can think in terms of that's what it might look like 
22 and this is what can happen. But I do see a difference 
23 between a theoretical model like the kinetic theory and 
24 these models although they happen to be based, for 
25 instance size, in terms of the models we have of orbits 
26 and shells, and we've got over here orbitals I suppose. 
I 27 Over by the side of the toolbox there's a slate with 
28 something written on it. Yes, that, have a look at that 
29 for a minute. How would you describe the bottom line 
30 that's there? What could you, say it is? Not the 
31 detail, just in general terms. 
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S 01 Right, a hydrogen ion has displaced a chloride ion from 
02 a molecule CHaCI. From the 3 dimensional picture (the 
03 top one), the top one, yes, there's been an inversion of 
04 the molecule such that, shall I use a model?(um,yes), 
05 if I can find the right one. Now, what goes on where? 
106 There's nothing (there isn't) and some of them they may 
07 fit, you can make them fit on ... or maybe they'll fit. 
S 08 Three of these. That's not going to be entirely 
09 helpful. What else have we got? Right, what I've done, 
10 I've change ... , I'm assuming these are a similar length 
11 though not in reality. Hydrogen is white, chlorine is 
12 green. Let's call hydroxide blue for the purpose of 
13 this, there. What I'm seeing happening is the 
14 orientation of my original molecule is like this, and 
15 chlorine is over here, and what happens is that our 
16 hydroxide ion is approaching from this direction and is 
17 displacing the chlorine. And what actually happens in 
18 this process is that these 3 will flip over so that, in 
19 effect, will end up with that and the hydroxide will have 
20 joined there. That's what I was seeing is happening in 3 
21 dimensions (yes) as explained by this equation 
22 underneath. 
I 23 What's the relationship between the top scheme and the 
24 bottom? Are they representing the same things or are they 
25 different? 
S 26 They are representing the same thing but the top scheme 
27 is giving you a lot more detail. It's giving you a 3 
28 dimensional picture, it's giving you a picture, an 
29 understanding of the orientation and changes that are 
30 involved whereas the equation underneath is just telling 
31 you what bits are being lost and gained. So it gives you 
32 much less information. 
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I 01 In terms of what you were saying about models just now, 1ft 
02 do either of those 2 fit in with what you were saying 
03 about models or are they completely different? 
S 04 The bottom, the equation is taught. I'm sure it's taught 
05 in school. It's something that we can be familiar with, 
06 but a 3 dimensional model will help you understand what's 
07 happening, rather than what happens. It won't just give 
08 you a result, it'll tell you how, and you need to know, 
09 you have to have an appreciation of 3 dimensions to be 
10 able to understand that, so models are quite important 
11 here. 
I 12 This type of model to illustrate. 
S 13 This type of model, to give you a feel for orientation 
14 and how ... it's quite easy to understand if you can 
15 show. Something that's visible, tangible, and not too 
16 difficult to appreciate, you can pack a lot of 
17 information into that and still describe it quite 
18 succinctly but it won't tell you everything. 
I 19 What about, say, in terms of theoretical models? Do 
20 either of these fit into your explanation of theoretical 
21 models? or do they not? 
S 22 Yes, I suppose they do. In a sense that we perceive for 
23 the sake of this we perceive the idea of something 
24 central and something at a distance, yet attached, with 
25 the ball and spoke. We assume that that idea holds good 
26 such as things can be displaced so we have to have a 
27 model of electronic configuration. You lleed to have a 
28 model of attraction and repulsion and intensity of the 
29 electronic attraction and repulsion and bulk properties. 
30 We have to have,I suppose, a model of electronegativity 
31 and all sorts of things that are based, that we decide 
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twists minit model 
in hand 
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minit Td 
01 we'll explain in that way. And it works rather than 
02 saying 'this is how it acttlally is.' So there are models 
03 that underlie the principle behind putting this out. 
04 These are more fundamental things in terms of the 
05 electronic things that are happening, and the way we 
06 perceive the atom itself. Yes, go on for ever. 
I 07 To get a bit more practical, can you have a look at that 
08 for minute, please. And I think you mentioned you 
09 have seen that sort of model before. Supposing you had 
10 the job of explaining what that is to a first or second 
11 year student, first or second year undergraduate, say. 
S 12 Right, well first of all, each different colour 
13 corresponds to a different element. We assume we're 
14 talking about organic chemistry and we have carbon which 
15 has 4 things attached to it, it's 4 valent. This is the 
16 sort of thing you want me to talk about? 
I 17 Yes, however you would explain it. 
S 18 The way I see it is, white is hydrogen, green I would 
19 call that chlorine, it doesn't have to be,and I think it 
20 does have to be red, oxygen. Because there's a double 
21 bond here we assume that it's a double bond, we can see 
22 that it's more planar. I don't know how to describe that 
23 because this carbon isn't ... this carbon is forming a 
24 double bond with this oxygen. The result is something ']..Itjf-
25 planar. I'm not sure that's actually true in real life. 
26 Certainly doesn't have to bf' true with this hydrogen, but 
27 these 3 here are forming something that '5 planar whereas 
28 because this is a tetrahedral, because this is 4 separate 
29 bonds there is a tetrahedral shape around this. I 
30 suppose first of all to talk about it being an acid, 
minit Td model 
I pass over A and B 
chloroacetic 
holds up model 
twists around C-C 
pOints 
,,1 
to c= 0 
/ 
31 we're talking about C double bond 0, OH, points to each 
32 we're talking about ionization by removal of the 
33 hydrogen. We're talking about the orientation of the 
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01 whole molecule in terms of the bulk properties here to 
02 the bulk properties of the chlorine. Perhaps they would 
03 interact because this is large, this'll be fairly large, 
04 it's not likely that this chlorine will ever be in this 
05 orientation, but it's more likely it'll be in the 
06 opposite orientation,away from the oxygen in terms of 
07 bulk properties, and in terms of lots of electrons being 
08 around as well, although we've got electrons in our 
09 double bond here. I'll have to think about that. 1 
10 wouldn't go into that perhaps. Certainly we've got 
11 different possibilities here with our orientation and we 
12 could talk about there being rotation around this bond 
13 and we can see that much more clearly. 
1 14 You commented on the colours just now and you said you 
15 would assume that white was hydrogen etc, and what did 
16 you say about the oxygen? You said that red would have 
17 to be oxygen? (Yes) Why are you allocating the colours 
18 that way? 
S 19 Because of a previous knowledge of valency I suppose, 
20 and also a previous knowledge of '" well it fits into 
21 something in my mind, this structure, double bond 
22 something, double bond something else. That strikes me 
23 as being an acid (I see) before I think about it I 
24 suppose. It's a familiar structure to me this bit here 
25 and certainly if these are carbons, we're talking about 
26 an organic compound and they're quite popular organic 
27 compounds. 
I 28 Oh, so you were allocating the colour on the basis of ~ "1, 
29 valency and the structure, or ... ? 
S 30 I'm afraid I was. Yes, yes, I was. And also I had come 
31 across a convention in models where red tends to be 
32 oxygen, green does tend to be chlorine, blue will tend to 
23ft 
twists to different 
conformation 
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01 be nitrogen (Yes) I'm not quite sure why, and white as 
02 being hydrogen, carbon as being black - that's the most 
03 obvious. Carbon is black. 
I 04 Yes, oh right. I wondered. I queried that point because 
05 there are 2 things. There ~ a colour convention, and 
06 some people are not aware of it, and some people would do 
07 as you started to do and assign the colours on the basis 
08 of the structure. That's why I was asking how you were 
09 doing it. 
S 10 I thought I'd better not assume a convention to start 
11 with, but I do recognise a convention. 
I 12 It's the Institute of Physics. 
S 13 Oh, I didn't know that one had been layed down. Right, 
14 fair enough. 
I 15 You talked about that being an acid which obviously is 
16 correct, but if, now, assuming those colours, I say that 
17 is chloroethanoic acid, chloroacetic acid. How good a 
18 representation do you think it is? 
I 19 Well, from what we know, from models, I think it's the 
20 best we could do. We have ... we can appreciate a 
21 sterk effect. We can maybe have a bigger chlorine in 
22 relation to the hydrogen, but that would make it a bit 
23 more real and perhaps a bigger oxygen in relation to the 
24 hydrogen as well, considering that carbon is the biggest, 
25 as far as we know. Perhaps it's not true. Anyway, these 
26 would be bigger; carbon, oxygen and chlorine would be 
27 bigger than hydrogen (nun). Leave it at that. We have a 
28 3 dimension, we have a tetrahedral thing here. That's 
29 quite good, and it's 3 separate bonds. We have a 
30 different structure with a double bond, that brings out 
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01 something new. Urn, we can get no appreciation of 
02 resonance that there might be a resonance hybrid being 
03 operating here, such that the double bond would not be 
04 located at one of these oxygens but would somehow be 
05 spread around in something that isn't very tangible. 
06 Something I think we find quite hard to pick a model for, 
07 It doesn't really fit into something concrete. That's my 
08 understanding of resonance. Not quite sure what it is, 
09 it lies between 2 extremes. But otherwise it's a much 
10 more helpful representation than of writing it down on 
11 paper. 
I 12 So apart from the sizes, the balls representing the 
13 atoms, you think that it's quite resonable? (yes) No 
14 other way you think it may be deficient? Oh you talked 
15 about the resonance, didn't you? 
puts model down 
S 16 Talked about the resonance, yes. I suppose the double ;):U points to C:::: 0 
17 bond length is meant to be shorter. I'm not sure that it 
18 is but they're details. I suppose for a glance at 
19 this it's not really that important. This gives an idea 
20 of a double bond compared to the length of the single 
21 bond, the idea of resonance and XX are secondary things 
22 that may be sophisticated systems could take care of but 
23 I haven't seen that in any modelling. 
I 24 OK, thanks. The next section I want to have a look at, 
25 you've had a brief look at the models, there are the other 
26 resource materials, can you use anything you like, any of 
27 the model sets, not necessarily all from one set, any 
28 combination, any bits and pieces to make up a model which 
29 is the best representation to you of a molecule of 
30 methane. So you've got a completely free hand to put 
31 together things in whatever you like. 
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looks around 
S 01 You want the best? or do you want a group of different 
02 suggestions? 
I 03 Whatever is the best to you. If you think that one won't do 
04 it or that one will. 
S 05 OK,that's one way. I wouldn't be totally satisfied 
06 with that. I'd want to bring out the shape better. 
07 I'd want to see the tetrahedron more clearly. I'd want 
08 to bring out the shape of the tetrahedron more clearly. 
09 I'm not sure how to use these models. 
I 10 You think the tetrahedron shape isn't very clear in the 
11 one you've just made? 
S 12 Not really, no I was thinking in terms of wanting a ball 
13 and spoke more now. It's there,but it's not very clear. 
14 I haven't used these before (no). It's quite 
15 interesting to try something out. 
I 16 I suppose if you could fit these ones better ... ? 
gets up and looks 
into red tray, then 
goes to MRK 
MRK methane 
the Fieser 
picks up HGS bond 
box and puts it aside 
MRK 
selects HGS and 
makes methane 
S 17 That's quite helpful. It's more easy to manipulate, and 3" r: twists 
18 twiddle and show rotation. Again, being just a simple 
19 carbon it's not so important to show rotation. I think 
20 that would probably be enough, those two. 
I 21 Would you need to use both of them? 
S 22 I might use this to start with. This I think shows 
23 covalency more nicely. This shows the fact that ... 
24 because the spheres aren't complete that there's some 
25 interaction and if the spheres continue, there's an 
26 i1!teraction and some covalent nature going on, there's a 
27 sharing and that's nice. It looks as though it's sharing 
28 it's a huggable type of model that. And this shows 
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01 something different. It enables you to see more clearly HGS 
02 the angles and those other kinds of relationships that 
03 are just as important in a different way so the two of 
04 them together would be very helpful and it's also helpful 
05 if you're teaching to show, well, they look quite 
06 different but they're the same thing, therefore we're not 
07 100% sure of what's going on but that's the idea and 
08 that's quite nice. 
I 09 What I didn't ask you, I don't think, was about using 
10 models in teaching, or have you not yet thought about it? 
S 11 No, I haven't thought about it, but I'm about to embark 
12 on some sixth form work and they are doing organic 
13 chemistry and I think the sooner students get to 
14 appreciate the 3 dimensional aspects the quicker they'll 
15 pick things up, and the more easy it'll come to them to 
16 think in 3 dimensional terms, which has to be important. 
17 We can't think in planar terms if things aren't 
18 happening, that's rather aware planar arrangements. 
19 So I think it's nicer for them as well. It's a very 
20 theoretical subject, can be, and something again that '8 
21 tangible and touchable is nice. 
I 22 Did you say you didn't have very much experience of 
23 models when you were at school? 
S 24 Not to play with myself, no, but when the teacher used 
25 them, he used them for, I suppose, the reasons I'm 
26 thinking of using them now. It was an instructional tool 
27 to help us appreciate that more was going on than could 
28 be written on a flat piece of paper, without other 
29 convention and thick lines and squiggley lines (yes) 
30 things like that. 
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I 01 You have now looked at methane. Could you next consider 
02 chloromethane, and again using any of the available 
03 materials make up the best representation of 
04 chloromethane to you. 
S 05 Shall I leave my methane molecules as they are? 
I 06 As you wish. I don't mind. 
S 07 It brings to mind other things, makes them interesting to 
08 look at, chloromethane. 
I 09 Would you want. both of them again? 
points to models 
then A and B open 
S 10 Well, if I were to treat methane and chloromethane at the 4-7 t-
Il same time as methane, there's a lot of the points I would 
12 want to make have already been made, it's nice to see a 
13 bigger chlorine. That I think helps show what might be 
14 an imbalance now operating within the molecule, that 
15 chlorine isn't the same size. It has different ... well, 
16 very different numbers of electrons. There are more 
17 possibilities for change now. It's no longer so stable. 
18 There is a difference now. There is a glaring 
19 difference. That's nice to see.This again ... there's 
20 a difference in colour but there's no difference in bond 
21 length and so this is no help to you if you want to show 
22 that there is a steric difference now, that maybe there 
23 is a closure. These three are perhaps close together, 
24 pushed close together by the effects caused by the 
25 chlorine. You can't see because of the fixed 
26 orientations you've got here. It's more easy to see 
27 although again there isn't a changed orientation to see 
28 that something is happening 'cause this is so much bigger 
29 than these. But again, the two of them are helpful but 
30 that's probably more helpful now. 
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picks up MRK 
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I 01 Urn. What about chloroethene? What sort of things '" 
02 what type of model would you choose there? What. do you 
03 think would be important? 
S 04 Shall I do one? 
I ~5 Yes. Bit difficult. to fit. t.ogpther arPll't tlH'Y? 
S 06 They are a bit. 
I 07 They may have got themselves in the wrong slots. 
S 08 Chloroethene, yes. Right, that'll do. Again, it brings 
09 to mind all sorts of things (yes, it does) but you 
10 would need something else there as well. 
I 11 What would you want to show that's not there? 
S 12 I'd show the ability of rotation, the possibility of 
13 rotation about .. hang on, the double bond won't 
14 necessarily cause t.o allow rotation will it? If make it 
15 up I'll see what'd happen. 
16 Let's try something else. 
(Interruption from member of staff) 
I 17 How does that seem? 
S 18 Not quite as I was hoping. 
I 19 No? How would you like it t.o be? or what's wrong with 
20 it? 
T 21 I'd like the orientation not be pointing up hut pointing 
22 (lut. 
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I 01 Right, so possibly adjust the shape of the centres. 
S 02 It could be the way I've made the double hondo 
I 03 I think that's what's intended, actually, that you dQ 
04 use the .... 
S 05 It's good to see something I haven't used before. Yes, 
06 the double bond comes up quite clearly, and I suppose you 
07 can't rotate whereas it's sort of more easy with this. 
08 This shows a barrier to rotat.ion (yes). What was the 
09 question? 
adjusts to us. 2 
sticks 
A and B chloroacetlc 
I 10 Making up a model which was the best representation to 4.:,-f' 
11 you of a molecule of chloroethene. 
S 12 Difficult to say. I'm not quite sure what to comment 011 
13 that. Having made them, I guess I would give them both 
14 as examples. This doesn't show thE' doublE' bond, but it 
15 shows a nice big chlorine. This shows a bigger chlorine 
16 than hydrogen. That's OK and it does show a double bond 
17 and there is rigidity built into it. I suppose, it gives 
18 ... if you want to talk about". orbitals I suppose ... 
19 anyway. That's not bad either. I wasn't surE' what to 
20 say. 
I 21 Yes, so you use them both. 
S 22 Yes, I'd use them both. 
I 23 Yes. You've run through a whole lot of things. Is there 
24 anything you'd like to say about modE'ls that we haven't, 
25 covered? 
S 26 No, other than the fact that some formal teaching nn 
27 what's available and what could be bought or what till' 
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MRK 
HGS 
01 idea is behind the manufadure of them as teaching aids. 
02 As far as I'm concerned, I'm thinking of them in terms of 
03 teaching aids, would be useful, 'cause I think they could 
04 be very powerful in the classroom, in the laboratory and 
05 it would cut through a cloud which I think does t'xist & 'lID 
06 with a lot of students. And they're fun. To have this 
07 on the front desk makes a lot of difference in 
08 the classroom. 
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APPENDIX 2. 
Partial Analysis of Interview Transcripts. Model Purposes. 
Chemist number 51. 
01 make visualizing easier 
00 representation of the actual molecule 
Chemist number 52. 
01 can't imagine in 3D 
Chemist number 53. 
02 give an idea how a reaction works 
01 help picture 3D objects 
A: help explain 3D picture to a class 
01 get an idea what the actual molecule looks likE' (scaled up molecule:=:model) 
01 make things easier to handle by scaling 
F: handling models gives children better idea than drawing 
Chemist number 54. 
01 get a representation of atoms and molecules 
01 clarify the subject (e.g. bond angles) 
06 explain what's going on with something we can't see 
02 to follow a reaction path 
05 should simplify to be successful 
05 a simplification/representation of something in 3D 
Chemist number 55. 
01 get a feel for what you're looking at, in 3D 
01 to show 3D aspects 
A: help children learn 3D aspects 
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01 visualize what's happening 
02 illustrate a reaction 
A: explain to a class bond breaking 
09 represent something you can't see 
12 several models can explain a concept 
00 models don't show facts 
Chemist. number 5_6. 
A: to get something across 
06 envisage what's happening with species 
01 visualize what ,Vou think it's like 
01 help you think spatially 
10 explain or theorise about what you see happening 
03 design molecules 
00 provide an explanation or analogy 
06 relate properties to structure 
06 to fit properties of a molecule 
09 theoretical description of the way you think atoms and molecules are located 
12 modi(ying or refining model and fit experimental observations 
Chemist number 57. 
07 build up a concept 
A: gives kids an idea what's happening, illustrating structure 
07 builds up a picture you can't see in your mind 
?7 to relate all your data 
08 tell you something or give you an understanding, an idea 
06 to picture why something happens 
11 relate experiment to theory 
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Chemist number 58. 
08 makes understanding better 
A: get over a point, in organic chemistry 
A: demonstrate the idea of large molecules reacting 
A: to explain things (periodic table and molecular size) 
00 to identify with (for self and pupils) 
04 to explain to self 
?8 experiment confirms position of elements in periodic table (=model) 
Chemist number 59. 
01 to understand things 
01 to imagine things 
02 to illustrate what's happening in a reaction 
04 to see in real life (=concrete model) rather than in your brain. ie. an aid to memory 
08 theory as the sum of your observations (=model) 
Chemist number 60. 
01 give me a picture in my mind of structure 
01 make easier to relate properties to structure 
D: common ground for chemists thinking 
D: saves explanations 
04 form a picture in the mind (analogy) to aid memory 
Chemist number 61. 
09 picture in a precise way something imprecise (theor.v) 
01 a good way of describing structure 
05 get a simplified overall picture before examining detail 
D: describe something concisely and visually (communicate) 
01 see interactions in 3D level 
08 help understand a concept without using words 
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Chemist number 62. 
01 get a 3D representation of a structure 
Chemist number 63. 
01 models don't help me visualize 
02 explain structure and reaction 
03 develop a molecule for synthesis 
01 help conceptualise in 3D 
02 dynamic aspects 
07 convenient means of expressing ideas (to self?) 
06 something more real (concrete) or easier to conceptualist' 
12 changing model to fit observations 
Chemist ntlIPber 64. 
01 visualizing chemical compounds 
01 clarifying structures 
02 clarify and show mechanisms 
04 to help you 
Chemist number 65. 
00 represent something very difficult to conceive 
05 simplify something 
4/5 learning aid as a simplification 
4/5 to learn from a simplification 
A: explain something (to self and others) 
02 represent reactions and structures 
12 modify the model (refine) to explain molecular observatiuns 
05 represent in pictorial form something abstract 
00 portray something in order to explain (to self?) 
09 represent something difficult t.o see 
04 aid to learning 
00 explanation of (transformed) raw data 
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05 qualifying theory with explanation 
B: represent something in order to explain (to others) 
05 freeze frame in order to explain (to self) 
04 make things easier for you 
04 help (self) learn 
04 aid to understanding 
10 representation of what you believe to be fact 
00 contri ved example of something real 
Chemist number 66. 
01 illustrate structure 
01 represent shape 
Chemist number 67. 
01 represent a structure 
01 represent a system 
02 represent a process 
B: manipulate representation of data to represent better to someone 
B: simplify in order to explain 
10 compare observed to (modifiable) calculated values 
D: easier communication in teaching 
E: more pleasant way of being taught 
04 help memory 
07 build a framework in the mind of a system 
09 chemistry is a model which represents what's going on with partirles 
00 to solve a crystal structure 
11 to determine a structure from data 
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Chemist number 68. 
01 to represent structures in 3D 
01 difficult to picture 2D 
06 a theory is a model which fits experimental data 
Chemist number 69. 
01 to show shape of molecules (to self) 
02 explain mechanisms 
06 a picture to illustrate a fact or a principle 
04 help remember shapes 
06 explain structures to self and others 
Chemist number 70. 
01 to picture a molecule in 3D 
Chemist number 71. 
01 to see something in 3D 
09 to make tangible something closed (unobservable) 
02 to study interactions in molecules 
E: interesting for learning to see something tangible 
10 way of explaining something t.hat can't be seen 
06 a theoretical construct to help you explain something 
07 gives something in the mind to attach thought~ to 
11/12 used to predict properties and throw them away when not useful 
A: teaching aids generally 
F /E fun for children to use 
248 
Chemist number 72. 
01 to visualize in 3D 
A: to demonstrate something (large size better) 
A: use in teaching structural aspects 
A: to explain 3D aspects to others 
Chemist number 73. 
01 gives understanding of 3D 
A: to illustrate something you want to get across 
06 to explain a theory 
03 to design molecules 
A: to demonstrate/teach structural features 
00 something you perceive it to be 
Chemist number 74. 
01 to visualize what's happening in 3D 
02 to demonstrate molecular vibrations 
00 your own view of something 
C: to test understanding (in children) 
02 to illustrate a reaction 
Chemist number 75. 
05 more convenient to handle than the real thing 
00 to explain something else 
Chemist number 76. 
A: to get across a point effectively 
A: aid to explanation 
04 aid to learning 
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Chemist number 77. 
Ol to help imagine in 3D 
00 nearest to the real thing 
Chemist number 78. 
01 to show 3D aspects 
06 to explain and clarify 
05 used to simplify the real thing to explain 
Chemist number 79. 
01 to visualize a structure in 3D 
03 to predict feasibility of new structures 
A: useful for teaching (stereochemistry) 
01 useful initially in understanding 3D structures 
Chemist number 80. 
01 to visualize complex 3D reactions 
01 see something in 3D 
A: useful in teaching (mechanisms) 
05 to structure observations and make predictions 
Chemist number 81. 
01 to visualize in 3D 
E/4 more interesting than on paper 
10?to relate a theory to something in reality 
05 to relate reality to something more digestible (the model) 
00 models are persona.l 
06 to explain structural features 
08 to save time in understanding a topic 
05 compromise between clarity and effectiveness 
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00 useful for qualitative comparisons 
06 a good model's one that's effective and explains 
Chemist number 82. 
01 to visualize things more clearly 
03 to modify structures prior to synthesis 
02 to demonstrate a reaction pathway 
04 to help remember 
Chemist number sa. 
01 to picture things in 3D 
03 to help in designing catalysts (sizes) 
06 the best representation of what theories show 
00 to illustrate size factors of reactions 
03 for design in organic syntheses 
Chemist number 84. 
01 to see shape of things like chiral carbons 
05 a simplification of a complex structure 
Chemist num1;ler 85. 
01 to see 3D structures 
02 to illustrate a reaction mechanism 
01 tn understand a molecule (features of a molecule) 
Chemist number 86. 
01 to show arrangements in 3D 
01 to put theory lessons into practice 
02 to illustrate a mechanism 
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Chemist number 87. 
11 to work out (investigate) mechanisms and stereochemistry 
11 manipulate to illustrate experimental behaviour 
01 use in visualizing 
00 as close to the real thing as possible 
12 develop my own models 
12 modify model to fit observed 
Chemist number 88. 
01 to picture complex things in 3D 
02 to describe what's happening (a reaction) 
Chemist number 89. 
01 to visualize in 3D 
01 to envisage atomic and molecular sizes 
D: to impart information concisely 
08 to get an overall picture immediately (model plant) 
05 model reaction represents a group of reactions 
02 to illustrate a reaction 
04 visual aid to memory 
Chemist number 90. 
01 to visualize structures in 3D 
02 to show a process 
05 to simplify a system to help understanding 
04 to aid understanding 
Chemist number 91. 
01 to represent a 3D structure easily 
01 to clarify a 2D structure 
252 
06 necessary to back up fact or demonstrate a. theory 
02 to illustrate a reaction mechanism 
Chemist number 92. 
02 work out chemical reactions 
A: help children understand bonding (structural units) 
A: back up a theory lesson 
01 help 2D/3D transfer 
A: help give a visual aid (in teaching) 
A: illustrate a point (in teaching) 
Chemist number 93. 
01 clarify what is difficult to conceive with a 2D picture 
01 see in 3D 
01 help understand structural aspects 
06 explain chemical phenomena 
11 explain the observed in terms of the invisible 
07 build up a mental picture of something abstract 
00 represent one aspect of a complex thing 
08 help the real thing to be studied 
00 relate to something abstract 
F: help children's understanding by them making models 
04 help remember different aspects 
Chemist number 94. 
A: show children relationships between atoms and molecules 
A: help children understand spatial relationships 
01 help solve stereochemical problems 
05 simplify (and make concrete) to make more understandable 
253 
Chemist number 95. 
01 give a spatial image 
01 help visualize 3D aspects 
01 aid memory by visualizing 
04 help you explain something to yourself 
A: help explain something that can't be seen (in teaching) 
EjF to interest self and children by making models 
Model appreciation primarily concerned with self: Codes 1 to 12 
Model appreciation primarily concerned with others : Codes A to F 
Unclassified: Code 00 
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